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PREFACE 


The service life and performance of a rubber product are dependent on 
the rubber chosen as.a basis, together with the types and quantities of 
compounding ingrédients which are incorporated. Careful selection of 
the vulcanising system, protective agent, etc. may enable a rubber to 
give a satisfactory performance in conditions which ordinarily would be 
considered beyond ‘its range. 

Careful attention to the design of the rubber product is another im- 
portant factor which influences its behaviour and affects its length of 
service. ‘ 

It must be emphasised that this book is not intended as a complete 
guide to improving product performance but is intended to review the 
present position in the major areas indicated. It should, therefore, be of 
interest to those concerned primarily with the manufacture and use of 
rubber products. 

All the contributors were chosen because they have extensive exper- 
ience in their chosen fields. We should like to express our thanks to 
them and their companies for their participation in the preparation of 
this book. Grateful thanks are also tendered to the Governors of the 
Polytechnic of North London for allowing us to act as editors and for 
providing the facilities without which this book could not have been 
produced. 


A. WHELAN 
K. S. LEE 
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Chapter 1 


DEVELOPMENTS WITH NATURAL RUBBER 


D. J. ELLIOTT 
The Malaysian Rubber Producers’ Research Association, Brickendonbury, 
Hertford, UK 


SUMMARY 


Natural rubber has a unique combination of low hysteresis, and therefore 
high resilience, at low strains and high strength (due to crystallisation) at 
high strains, enabling ,it to be used in unfilled or lightly filled compounds. 
This ability to crystallise when stretched results from its uniform molecular 
structure. Strain-induced crystallisation is also responsible for NR’s resist- 
ance to fatigue by a crack growth mechanism, an important property in 
dynamic applications of rubber. 

Developments in the production of raw NR, in vulcanisation systems and 
in processing characteristics all provide improvements in the performance 
of products. Standard Malaysian rubber is guaranteed to high standards of 
quality, and several constant-viscosity and oil-extended grades, including a 
new general-purpose grade, are now available. These are designed for easy 
processing, with economic benefits, and better reproducibility of properties. 
A deproteinised grade has been developed for special applications. 

Sulphur is still the most widely used crosslinking agent for NR, but new 
sulphur vulcanisation systems and some non-sulphur systems have advan- 
tages in specific areas. Thus soluble-EV systems and soluble activators are 
valuable where low stress-relaxation, high resilience and good modulus 
reproducibility are especially important. Vulcanisation with urethane rea- 
gents provides outstanding reversion resistance and high fatigue resistance 
in aged vulcanisates. Peroxide/coagent and peroxide/bismaleimide cross- 
linking systems have delayed action and good reversion resistance which 
widens the possibilities of the non-sulphur vulcanisation of NR. 
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Knowledge of the effects of different sulphur vulcanisation systems on 
fatigue properties can help in the choice of the most suitable compound for 
dynamic applications and an important factor in the choice of carbon black 
is its structure rating, if creep and dynamic loss factor are to be minimised. 

Tyre-tread compounds based on oil-extended NR have a combination of 
properties well suited to their use in winter tyres. Thus OENR compounds 
have better grip on ice than OESBR compounds and they wear less under 
most driving conditions during winter months. NR oil-extended at the latex 
stage improves the processing characteristics of retreading compounds 
based on NR/SBR blends. 

The natural route to the polymerisation of cis-polyisoprene makes NR a 
less-attractive contender for structural modification compared with syn- 
thetic rubbers with which in-line polymerisation variations are possible. 
Nevertheless there are several methods of modifying NR, some of which 
are economically attractive at the present time. These include 


1. the production of different types of thermoplastic NR by blending NR 
with polyolefins and by grafting azo-tipped polystyrene molecules on . 
to an NR backbone ; 

2. epoxidation of NR to give high-damping rubbers; 

3.. the addition of low concentrations of reactive groups on to the NR 
molecule to provide sites for further utilisation, such as crosslinking 
and coupling with silica fillers. 


1. INTRODUCTION 


Among the general-purpose rubbers now available natural rubber{NR) 
maintains its leading position as the most suitable for applications re- 
quiring a combination of high resilience, high strength and fatigue 
resistance. 

The capacity to provide a strong, resilient material over a wide range’ 
of hardness is a direct result of the molecular structure of NR. 

The very uniform, high-cis-polyisoprene molecules readily crystallise 
when the rubber is stretched beyond a certain point producing a supe- 
rior form of reinforcement. Crystallisation limits movement between 
neighbouring molecular chains and results in a large increase in hyster- 
esis and ultimate strength. Thus NR does not require a reinforcing filler 
for high tensile strength and therefore it can be compounded without or 
with only moderate amounts of carbon black and mineral fillers, giving 
highly resilient and durable products. 
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Strain-induced crystallisation is also responsible for NR’s resistance 
to failure by a crack growth mechanism even when the strains involved 
are high. The growth of a crack, arising from a surface imperfection or 
small cut, is arrested because crystallisation occurs at the tip of the 
crack where stresses are high. Similarly under dynamic deformations the 
growth of cracks is very slow, particularly where the strain cycle has a 
finite minimum to ensure that crystallised rubber at the crack tips does 
not melt, and components can often be designed so that their dynamic 
deformation is superimposed on a static one. 

For many applications rubber must pérform consistently over a long 
period and NR’s durability is illustrated by numerous examples, such as 
bridge bearings which have been in service for more than 20 years’ and 
are showing no signs of deterioration. 

Natural rubber, as traditionally compounded with conventional sul- 
phur recipes, is adequate for many products but some applications need 
rather special properties, like extra-low creep or stress relaxation and 
very reproducible stiffness. For example, rubber components are in- 
creasingly being used for vehicle suspension systems in replacement of 
steel as the spring or bearing material. For trouble-free service in this 
type of application a low-creep rubber is required. 

The versatility of INR is an advantage especially to the designer of 
engineering components. It can be used in compression, torsion or 
simple shear and, unlike steel, its modulus may be varied over a wide 
range by the incorporation of fillers, for example Young’s modulus from 
about 1 MPa to 15 MPa (145 Ibf/in? to 2175 Ibf/in’). 

The performance of NR has been improved in recent years by a 
number of developments. Some of these are now quite well established; 
others, of a more tentative nature, could lead to a wider spectrum of 
uses for NR. 


2. MODERN FORMS OF NR 


The precise molecular structure of NR, 100% cis-1,4-polyisoprene, is an 
example of an enzyme-controlled chemical process in building high- 
molecular-weight compounds to perfection. 

The high green strength and tack of NR are associated with its 
molecular structure and numerous attempts have been made to emulate 
these useful characteristics in synthetic general-purpose rubbers.” 7 

As with most raw materials the quality of NR also depends on the 
manner in which it is harvested and processed. In recent years producers 
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have been particularly concerned with soins rubber with con- 
sistently good properties. 

Traditionally NR has been marketed in a variety of types and grades 
including smoked and air-dried sheets, pale crepes and remilled crepes, 
all made into ‘bareback’ bales weighing 100 kg or more and painted 
with a coating mixture to prevent adhesion between bales during transit. 
These types are graded by visual inspection.® 

Technically classified grades have also been available in limited quan- 
tities for many years but the introduction of the Standard Malaysian 
Rubber (SMR) scheme in 1965 was a major step forward in providing 
NR to guaranteed specifications. At the same time modern drying 
methods enabled more-easily handleable 33-kg bales of polythene- 
wrapped block rubber to be produced via the Heveacrumb or other 
comminutive procedures. f 

The proportion of Malaysian rubber produced under the SMR 
scheme has been rising since its inception and is now approximately 
35%. Other rubber-producing countries have adopted very similar 
specification schemes. 

SMR specifications are mandatory and conformance to them is guar- 
anteed. Properties are determined by ISO test methods, including 
analysis for dirt, ash, nitrogen, volatile matter, plasticity and plasticity- 
retention index, and colour limit for SMR-L. Values of these properties 
for different grades are given in Table 1° which shows that grades 
derived directly from latex by deliberate coagulation have the lowest 
dirt and ash contents. These revised specifications, adopted in 1979, 
have lowered limits for nitrogen and volatile matter for all grades. They 
represent a total upgrading of SMR. Limiting the volatile mattér to a 
maximum of 0-8% is an assurance that the rubber is adequately dried 
and this should reduce, if not eliminate, the occasional bale that is found 
to contain wet patches, which has been a sporadic problem in the past. 

The plasticity retention index (PRI) is a measure of raw-rubber oxidis=* 
ability, high values indicating greatest resistance to oxidation. It has 
been shown that some important properties of vulcanised NR, such as 
resistance to heat ageing and dynamic heat build-up, are related to 
PRI’® although probably to a lesser extent than to the presence of an 
antioxidant. PRI is a quality-assurance parameter since maltreatment 
during processing of raw rubber generally leads to low PRI values. 


2.1. Viscosity-Stabilised Grades"! 
Natural rubber contains a small proportion of aldehyde groups attached 
to the polyisoprene molecules. Polymerisation or condensation of these 
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groups results in the slow formation of a small number of crosslinks, 
manifested by a gradual increase in the viscosity of the rubber. This is 
usually referred to as storage hardening. Treatment of rubber at the 
production stage with a monofunctiona] amine such as hydroxylamine, 
to block off the aldehyde groups, prevents the occurrence of storage 
hardening.!?~!* The viscosity and molecular weight of rubber prepared 
in this way are stabilised at the level it has when freshly made. Since 
different clones of Hevea brasiliensis produce rubber having different 
viscosities, preblending of latex is normally carried out to provide this 
constant viscosity form of NR within specified viscosity limits. SMR-CV 
is now marketed in three viscosity ranges and SMR-LV, which contains 
an added 4°% of light mineral oil, in one viscosity range (Table 2). 


TABIEES2 


SUB-GRADES OF SMR-CV AND SMR-LYV AND PRO- 
DUCER LIMITS ON MOONEY VISCOSITY MANDATORY 
FROM JANUARY 1979 


Grade Mooney viscosity, ML 1 + 4, 100°C 


CV50 45-55 

CV60 55-65 
CV70- 65-75 
7 LV50 45-55 


The chief attribute of SMR-CV and SMR-LV is that premastication 
can be reduced or even eliminated. This not only reduces processing 
costs but can also lead to improved uniformity of mix viscosity and 
thereby to better reproducibility of modulus after vulcanisation. 

A new grade of NR recently introduced? is called general-purpose NR 
(SMR-GP). It is expected to become a large-volume grade for the manu** 
facture of tyres, belting and general mechanicals since it meets a demand 
for a general-purpose grade having consistent processing characteristics. 
It is viscosity-stabilised and is produced from a blend of latex-grade 
rubber (60%) with field coagulum (40%). Specifications are similar to 
those of SMR-10 (Table 1). 

2.2. Cure Testing 
With more widespread use of rheometers in the rubber industry for 
routine control checks of curing behaviour, it became clear that there is 


DEVELOPMENTS WITH NATURAL RUBBER f 


a need to provide data in the form of rheographs on the curing charac- 
teristics of NR. This rheometer test conveys more comprehensive infor- 
mation than the older MOD test and is also intended to regulate the 
selection and blending of the raw material at the production stage. In 
this way improved uniformity within grades is obtained. Rheographs, 
obtained on a Monsanto Rheometer R100 model using ACS1 test mixes, 
are now supplied with the test certificates for SMR-L, SMR-WF, 
SMR-CV, SMR-LV and SMR-GP grades, for the purpose of providing 
information to the consumer, although they are not part of the guar- 
anteed specification. 


2.3. Deproteinised Natural Rubber - 

A deproteinised grade of natural rubber (DPNR) is produced from fresh 
field latex by treatment with a proteolytic enzyme.'> Most of the 
proteins and their, degradation products are removed by the special 
manufacturing methods used, and other naturally occurring hydrophilic 
substances, including traces of inorganic salts, are also removed. 

The affinity for water of normal grades of NR is recognised to be low 
when compared with, for example, polychloroprene or polyurethane 
rubber.1° DPNR has a still lower water affinity and is therefore a good 
grade for cable insulation. It has also been found useful for some applica- 
tions requiring the lowest attainable creep properties, because absorption 


TABLE 3 


DPNR SPECIFICATION 


Dirt, max. % weight 0-015 
Ash, max. % weight 0-15 
Nitrogen, max. % weight 0-15 
Volatile matter, max. % weight 0:50 
PRP mine +4 60 


Mooney viscosity, ML 1 + 4, 100°C pA ae 5) 


of water will itself cause creep, particularly of relatively thin sections of 
rubber. DPNR is a purified grade of NR as shown by the low limits for 
dirt, nitrogen, etc. (Table 3). It does contain, however, similar amounts 
of hydrophobic non-rubber substances as normal unpurified grades. 
Therefore, for critical applications in the medical field a_post- 
vulcanisation extraction stage is usually required. 
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The inherent elasticity of rubber is only realised when the linear 
molecules are crosslinked into a three-dimensional network by vulcan- 
isation. The physical state changes from mainly plastic to highly elastic 
when crosslinks are inserted. 

Sulphur vulcanisation is still the most widely used method of cross- 
linking NR. However, there have been developments in both sulphur 
and non-sulphur vulcanising systems which give substantial improve- 
ments in the properties and performance of NR components.*’” 


3.1. Sulphur Systems 

The amount of sulphur used in NR compounds, other than ebonite, can 
be varied from about 3-5 phr down to only 0-4 phr. Sulphur donors can 
be used to replace part or the whole of the elemental sulphur. As the 
amount: of sulphur is reduced an optimum crosslink density is main- 
tained by increasing the accelerator concentration, for this increases the 
efficiency with which sulphur reacts to form crosslinks. 

A general division can be made into conventional systems which con- 
tain a much higher concentration of sulphur than accelerator, and 
efficient vulcanisation (EV) systems in which the concentration of sul- 
phur is considerably lower than that of accelerator. Vulcanisation 
systems which are intermediate in composition between EV and conven- 
tional systems are often referred to as semi-EV. The precise dividing 


lines are, of course, arbitrary but the compositions given in Table 4 are a 
useful guide. 
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TABLE 4 


SULPHUR (S) AND ACCELERATOR (A) CONCENTRA- 
TIONS AND A/S RATIOS OF DIFFERENT VULCANISATION 
SYSTEMS FOR NR 


S,° phr A, phr A/S 
Conventional 2:0-3:5 1:2-0-4 0-1-0-6 
Semi-EV 1:0-1-7 25-12 . 0:-7-2:5 
EV 0-4-0°8 5-0-2:0 2:5-12 


“Including the available sulphur from sulphur 
donors. 
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The ratio of any given accelerator to sulphur largely determines the 
types of sulphur crosslinks formed and also the amount of sulphur 
which combines with the rubber in non-crosslink structures such as 
cyclic sulphides. 

Low ratios favour polysulphidic crosslinks with a relatively high level 
of cyclic sulphides while high ratios lead to crosslinks that are predo- 
minantly monosulphides, and cyclic sulphide formation is much 
reduced, though not eliminated. Time and temperature of vulcanisation 
also affect these features. Thus with all sulphur systems a higher curing 
temperature produces more cyclic sulphides and consequently fewer 
crosslinks, and therefore lower modulus, Also with conventional and 
semi-EV systems the number of sulphur atoms per crosslink diminishes 
with increasing cure time, from poly- to di- and perhaps a few mono-.!8 
At the same time breakdown of polysulphidic crosslinks, with insertion 
of the liberated sulphur, in cyclic sulphides, is the cause of reversion 
during vulcanisation. 

Modification of the polyisoprene chains by cyclic sulphide groups, or 
indeed by any other group, can affect some properties. Thus the time- 
dependent hardening at low temperatures which results from crystallisa- 
tion of the rubber is retarded, but excessive modification may increase 
susceptibility to oxidation. 

Mono-sulphidic crosslinks are more stable to heat than polysulphidic 
crosslinks because the bond energy for rupture of the C-S bond is 
greater than that of the S-S bond.!° This is one reason why EV systems 
give greater heat-ageing resistance and reversion resistance than conven- 
tional systems. Another reason, as explained above, is that main-chain 
modification, and consequently oxidisability, is greater with conven- 
tional systems even in the presence of antioxidants. The increased oxidis- 
ability has been traced to the presence of conjugated diene and triene 
groups which are formed concomitantly with cyclic sulphide groups.”° 
A third reason for the improved ageing resistance given by EV systems 
is the relatively high concentrations of accelerator residues such as zinc 
dithiocarbamates or zinc mercaptobenzothiazole which function as 
antioxidants, probably by inactivating hydroperoxides, and behave syn- 
ergistically with added antioxidants of the phenolic or amine types. 

Typical vulcanisate structures at optimum cure times and the general 
properties discussed above are summarised in Table 5, and time- 
dependent changes in Young’s modulus, resulting from crystallisation, 
for rubbers vulcanised with conventional and EV systems, stored un- 
strained at — 10°C, are shown in Fig. 1. 
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Fig. 1. Time-dependent changes in Young’s modulus at — 10°C for some typical 
bridge-bearing vulcanisates. (a) NR conventional accelerated sulphur formula-. 
tion. (b) crystallisation-resistant CR formulation. (c) NR_ soluble-EV 
formulation. 
TABLE 5 


VULCANISATE STRUCTURE AND PROPERTIES 


Conventional Semi-EV EV 


Poly and disulphidic crosslinks, °% 95 50 20 
Monosulphidic crosslinks, °% 5 50 80 
Cyclic sulphide concentration high medium low 
Low-temperature-crystallisation 

resistance high medium low : 
Heat-ageing resistance low medium high ** 
Reversion resistance low medium high 
Compression set, 22h at 70°C, % 30 20 10 


From the foregoing it will be clear that EV.systems have much to 
offer for applications requiring a good measure of heat resistance. An 
effect equivalent to overcuring may occur in a relatively thick compon- 
ent that is deformed dynamically in service and becomes overheated. 
The greater reversion resistance of an EV rubber can result in less 
overheating under these conditions. Also since EV systems are less sensi- 
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tive to overcure it is possible to obtain more-uniform modulus in 
variable-thickness articles and especially throughout the thickness of 
bulky components that are cured for shorter times at higher 
temperatures. 

Oxidative heat ageing of rubber is confined mainly to small compon- 
ents, thin sheets, and to near the surface of larger products in a hot 
environment, because its rate is controlled mainly by the diffusion rate 
of oxygen in rubber. At elevated temperatures oxygen combines with the 
surface layers more rapidly than it diffuses into the rubber and even- 
tually a hard skin may be formed, particularly with conventionally vul- 
canised rubber but less readily with EV rubber. 

A number of disadvantages of rubber cured with EV systems, 
especially those containing accelerators in concentrations well beyond 
their limiting solubilities in NR, have been identified. These are 

1. fairly high primary (physical) creep rates; 

2. variable strength at elevated temperatures; 

3. lower resilience than conventional sulphur vulcanisates; 

4. lower fatigue resistance when flexed through zero strain. 


3.2. Soluble-EV Systems 
Soluble-EV systems?!:?? are designed to overcome some of these 
deficiencies. They contain sulphur and accelerators in concentrations 
that ensure their complete solubility in the rubber at ambient tempera- 
ture, so that crystals do not separate out during storage of the unvul- 
canised compound. Up to 0:8 phr of sulphur will remain dissolved in 
NR with no tendency to bloom over long periods. The accelerators 
N-oxydiethylenebenzothiazole-2-sulphenamide (OBS), tetrabutylthiuram 
disulphide (TBTD) and N,N’-diphenylguanidine (DPG) are soluble in 
rubber up to or beyond concentrations likely to be required, but 
2-mercaptobenzothiazole (MBT), 2,2’-dibenzothiazyl disulphide (MBTS), 
N-cyclohexylbenzothiazole-2-sulphenamide (CBS), tetramethylthiuram 
disulphide (TMTD), and tetraethylthiuram disulphide (TETD) have low 
solubilities at toom, temperature.?* The absence of crystals of sulphur 
or accelerator eliminates the possibility of flaws (local areas excessively 
crosslinked) being formed during vulcanisation and this leads to an 
improvement in strength and fatigue resistance at elevated temperatures. 
The second principle of soluble-EV systems concerns the fatty acid. 
Zinc stearate and the zinc soaps of most other straight-chain aliphatic 
acids are only slightly soluble in rubber and separate out after vulcani- 


12 D. J. ELLIOTT 


Stress-relaxation rate (7 /decade) 


Conv zS =“ 
3-0 x ea, 


Normal range 


i} 1 
| | 
| I 
| a 
| | e 
| | 
2-0 
‘ ? 
| | 
| | 
| | 
° | 
| | - 
1-0 | | 
5; | 
| | 
| | SEV ZEH 
Oe eae pont prcy ais eects Saleen fe) Rs 
| | 
I | 
I | 
) ! 
(0) 1 2 3 4 5 6 vA 8 


Activator concentration 


Fig. 2. Effects of activator concentration and curing system on stress-relaxation 

rate at 30°C of SMR-CV gum vulcanisates. Conv ZS = Conventional system (S, 

2:5 phr; CBS, 0-6 phr) with zinc stearate. SEV ZS = Soluble-EV (S, 0-7 phr; 

OBS, 1:7 phr; TBTD, 0-7 phr) with zinc stearate. SEV ZEH = Soluble-EV with 

zinc 2-ethyl hexanoate. The modulus (MR100) of all vulcanisates was 0-73 MPa. 

Activator concentrations are expressed as the chemically equivalent stearic acid 
concentration in phr. 


sation as crystals or micelles. These have been shown to be a major 
cause of primary creep and stress-relaxation in gum rubbers. The zinc 
soaps of branched-chain fatty acids such as zinc 2-ethyl hexanoate or 
zinc dimethyl hexanoate are much more soluble in rubber and when one 
of these is used in place of stearic acid a significant improvement in 
creep properties is obtained. Resilience is also improved. 

The effects of curing system and zinc soaps on stress-relaxation rates 
are shown in Figs. 2 and 3 for gum and black-filled NR respectively. 

Replacement of stearic acid by zinc 2-ethyl hexanoate can also be 
made in a conventional sulphur system with a consequent reduction in 
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Stress-relaxation rate, % per decade 


0 0.5 1.0 


Relaxed modulus at 20% extension (MR20), MPa 


Fig. 3. Effects of activator, curing system and rubber grade on stress-relaxation 
rate of FEF(N550)-filled rubbers (20, 40 and 60 phr). (a) SMR-L conventional 
system (S, 2:5 phr; CBS, 0-6 phr) with stearic acid (2 phr). (b) SMR-L soluble- 
EV system (S, 0:7 phr; OBS, 1:7 phr; TBTD, 0:7 phr) with zinc 2-ethyl hexan- 
oate (1 phr). (c) SMR-L conventional system with 2-ethyl hexanoate (1 phr). (d) 
DPNR, both conventional and soluble-EV systems with zinc 2-ethyl hexanoate 


(1 phr). 


stress-relaxation rate, as shown in Fig. 3. Therefore, when there are 
good reasons for not using an EV system, for example if low- 
temperature-crystallisation resistance is an important requirement, a 
conventional system activated with a soluble zinc soap may be 
preferable. z 
3.3. Vulcanisation with Urethane Reagents** 

A novel class of vulcanising agents which are basically diurethanes can 
be used to crosslink NR. The crosslinks are mainly of the urea type and 
their excellent stability provides good ageing and reversion resistance 
plus good initial vulcanisate properties. 
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Fig. 4. Mechanism of Novor® crosslinking. 


Urethane reagents are addition products of nitrosophenols and di- 
isocyanates, stable at processing temperatures but which dissociate. into 
their component species at vulcanising temperatures. The free nitroso= 
phenol reacts with the rubber molecules to give pendent aminophenol 
groups as illustrated in Fig. 4. The aminophenol groups are then cross- 
linked by the liberated diisocyanate. 

Urethane reagents are now marketed under-the trade name Novor®. 
Several types are available but one of these, Novor® 924, is the most- 


® Novor is a registered trade name of Durham Chemicals, Birtley, County 
Durham, UK. 
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widely used because it provides the greatest reversion resistance and 
also forms the basis of the best mixed urethane/sulphur systems as 
discussed later. 

Two other ingredients are important to urethane crosslinking systems. 
The first of these is a drying agent based on calcium oxide to prevent 
hydrolysis of the diisocyanate by traces of moisture in the rubber and 
the second is zinc dimethyldithiocarbamate (ZDMC) which is a catalyst 
for the reaction between nitrosophenol and rubber. Without ZDMC the 
all-urethane vulcanisation is very slow. 

The physical properties of natural rubber vulcanised with Novor® 
924 and with various sulphur systems are listed for comparison in Table 
6. This shows that the urethane systems give outstanding reversion re- 
sistance at 180°C, and resistance to heat ageing of vulcanisates cured to 
optimum equals that given by the soluble-EV system. Resilience of the 
urethane vulcanisates is slightly lower than that given by sulphur 
systems and consequently heat build-up is higher under comparable test 
conditions. Higher running temperatures can easily be accommodated 
by urethane vulcanisates, however, because of their superior reversion 
resistance. 

Urethane systems are slow curing even with ZDMC present. It has 
been found that mixed urethane/sulphur systems are faster curing, more 
economical to use and retain in good measure the desirable properties 
of all-urethane systems. The synergism of the mixed systems, which 
produce higher crosslink density or modulus than either system indi- 
vidually, allows a reduction to be made in the concentration of the rea- 
gents. The much faster cure rate of early mixed systems was 
accompanied by very short scorch times caused by the ZDMC setting 
off the sulphur portion of the cure. This problem is alleviated by replac- 
ing the ZDMC with tetramethylthiuram monosulphide (TMTM) and 
some recommended urethane/sulphur formulations are shown in Table 7. 

Urethane and mixed urethane/sulphur systems provide two valuable 
characteristics not given by straight sulphur systems. These are 


1. a marked increase in fatigue resistance of the rubber on ageing, as 
opposed to a decrease with most sulphur systems; and 

2. the ability to withstand vulcanisation temperatures up to 200°C 
without loss of modulus and tensile strength when compared with 
the magnitude of these properties obtained at lower vulcanisation 
temperatures. 
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TABLE 7 


RECOMMENDED URETHANE/SULPHUR FORMULATIONS 


Concentration of ingredients, phr 
Urethane system/conventional 


sulphur system ratio Novor® 924 TMTM_ Sulphur TBBS* 
90/10 48 1-4 0-2 0-04 
80/20 42 1:3 0-4 0-08 
70/30 3-8 122 0-6 0-12 
60/40 3-2 1-1 0-8 0-16 
50/50 DEG 1:0 1:0 0:20 


* N-t-Butylbenzothiazole-2-sulphenamide. 


Figure 5 shows how the fatigue life of an 80/20 urethane/sulphur- 
cured NR increases after ageing at 100°C while that of a conventional 
sulphur vulcanisate falls to very low values. This property is of particu- 
lar value in a number of products such as transmission belting, bushes: 
and flexible couplings operating in a hot environment. 


Tension fatigue, kc 
240 


Days at 100°C 


200 


Conventional Noveor sulphur 


Fig. 5. Initial and aged tension fatigue lives of black-filled (SRF(N762), 5 phr) 

NR vulcanisates. Conventional (S, 2:5 phr; TBBS, 0-5 phr) with TMQ/HPPD 

antioxidants. Novor®/sulphur (Novor® 924, 4:2 phr; TMTM, 1:3 phr; S 
0-4 phr; CBS, 0-08 phr) with TMQ/ZMBI antioxidants. 


> 
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Fig. 6. Effect of vulcanisation temperature on tensile strength and modulus of 

black-filled (HAF(N330), 50 phr) NR vulcanisates. Conventional (S, 2:5 phr; 

TBBS, 0:5 phr). 50/50 Novor®/sulphur (Novor® 924, 3-2 phr; S, 1:2 phr; 
TMTM, 1:3 phr; TBBS, 0:24 phr). 


Not all mixed urethane/sulphur systems have the feature described in 
(2) above to the full extent. The best in this respect is a 50/50 system as 
shown in Fig. 6 where it is compared with the conventional sulphur 
compound given in Table 6. The urethane/sulphur 50/50 system can be 
used to advantage in high-temperature vulcanisation, such as LCM 
curing at 190°C and injection moulding (180-190°C). 


3.4. Delayed-action Peroxide Vulcanisation’* 
The use of organic peroxides as crosslinking agents for natural rubber 
was first investigated by Ostromislensky,** who used benzoyl peroxide, 
in 1915. However, it is only since dicumyl peroxide became available 
that this method of vulcanisation has been employed commercially. The 
vulcanisates have slightly inferior strength properties to those obtained 
with sulphur systems, but they have low creep and compression set and, 
with suitable antioxidants, excellent resistance to ageing. Due to the fact 
that the crosslinks are carbon-carbon bonds, the reversion resistance is 
also high. 

The main technical limitations are a slow rate of cure and absence of 
delayed action. As with EV and urethane systems, curing may be carried 
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out at high temperatures in order to reduce cure times, but then the 
short scorch time puts several restrictions on their utility. For example, 
the compound is too scorchy to be used satisfactorily in injection and 
often transfer moulding, and with compression moulding, backrinding is 
likely to occur in all but comparatively small components. 

The mechanism of peroxide vulcanisation is very simple as shown by 
eqns. (1) to (3): 


POOP ——— 2PO: (1) 
PO: + RH POH + R: (2) 
R: +R? ——+ R—-R (3) 


where POOP is an organic peroxide, RH represents polyisoprene and 
R—R represents crosslinked polyisoprene. Reaction steps (2) and (3) are 
much faster than (1) so that the rate-determining step is the thermal 
decomposition of the peroxide, a first-order reaction. 

It is possible to impart some delay to the crosslinking reaction by 
introducing a radical scavenger such as N-nitrosodiphenylamine to 
remove R- or PO: radicals as they are formed. The drawback to this 
method is that removal of radicals lowers the crosslink yield and if more 
peroxide is used to compensate for this, most of the scorch delay is then 
lost. This is indicated by the rheometer traces shown in Figure 7. 

If; however, a radical scavenger is used in conjuction with a peroxide 
coagent which increases the efficiency of crosslinking, an increase in 
peroxide concentration is not required and the delay period is main- 


(b) = ° 
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Fig. 7. Monsanto rheographs at 160°C. (a) SMR-S, 100; HAF(N330) black, 50; 
oil, 4; dicumyl peroxide, 2:5. (b) SMR-5, 100; HAF(N330) black, 50; oil, 4; 
dicumyl peroxide, 3-5; N-nitrosodiphenylamine, 0:4. 
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Fig. 8. Monsanto rheograph at 160°C. SMR-5, 100; HAF(N330) black, 50; oil, 
4; dicumyl peroxide, 1:7; Saret® 500, 6. 


tained. A commercially available coagent, Saret® 500,7° is based on 
trimethylolpropanetfimethacrylate and a nitroso radical-capture rea- 
gent. When used in a natural rubber/dicumyl! peroxide system it imparts 
some delay, as shown in Fig. 8. 

It was found that the coagent more than compensated for the loss of 
crosslinking efficiency due to the radical scavenger, so a decrease in 
peroxide could be made and consequently the scorch time was increased 
even more.”* This is shown in the plot of scorch time against Saret® 500 
level in Fig. 9. The peroxide concentrations in phr required for constant 
modulus are given on the curve. 


40, 
Mooney Scorch 


ts at 120° 
(min ) 


10 


» Saret 5OO (phr) 
Fig. 9. Effect of Saret® 500 on Mooney scorch time for constant modulus 
peroxide/Saret® 500 compounds. 


® Saret is a registered trade name of Sartomers Resins Inc., Essington, Pa, 
USA. 
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Radical scavengers can also be used to impact scorch delay to a 
peroxide-initiated bismaleimide crosslinking system. N,N’-m-phenylene- 
bismaleimide will crosslink NR but requires initiation with a peroxide, 
MBTS or high-energy radiation.*’-?? The mechanism involves initiation, 
which is controlled by the peroxide (or MBTS) concentration, and cross- 
linking which is determined by the bismaleimide concentration. It follows 
that scorch delay can be adjusted by the addition of an appropriate amount 
of radical scavenger without significantly affecting the crosslink yield. 
Alternatively modulus can be varied by the maleimide concentration 
without affecting the scorch time. These predictions have been found to 
hold in practice.?* The cure profiles of two compounds, one containing 
no retarder, the other containing 0:2 phr N-nitrosodiphenylamine, are 


shown in Fig. 10. - 

(a) 
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Fig. 10. Monsanto rheographs at 160°C. (a) SMR-5, 100; HAF(N330),black, 50; 
oil, 4; dicumyl peroxide, 0-6; HVA-2, 30. (b) as (a) with N- 
nitrosodiphenylamine, 0.2. 


A further development of this system is the replacement of dicumyl 
peroxide with more-active peroxides that would normally be considered 
far too scorchy to be used in NR. The cure profile is then considerably 
improved over those normally associated with peroxide vulcanisation. 
That is, it exhibits a delay period followed by a rapid rate of cure. This 
is shown in Fig. 11 where the Trigonox® 29/40 bismaleimide/N-nitro- 
sodiphenylamine curve (b) has a similar sHapé to that given by a 


® Trigonox is a registered trade name of Akzo Chemie UK Ltd, London, UK. 
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Fig. 11. Monsanto rheographs at 140°C. (a) SMR-S, 100; zinc oxide, 5; stearic 


acid, 2; S, 2:5; MBT, 0:6. (b) SMR-5, 100; Trigonox® 29/40, 1:2; HVA-2, 3-0; 
N-nitrosodiphenylamine, 0-3. 


sulphur/sulphenamide system which for most purposes is better than the 
typical sulphur/MBT system (curve (a)) or the peroxide and 
peroxide/coagent systems (see Figs. 7 and 8). 

The physical properties of NR crosslinked with the coagent and the 
bismaleimide types are very similar to those of the straight dicumyl 
peroxide system as shown in Tables 8 and 9 respectively. 


TABLE 8 


PROPERTIES OF NR VULCANISED WITH DICUMYL PEROXIDE AND DIC- 
UMYL PEROXIDE/SARET® 500 


SMR-L 100 100 
HAF-LS black (N326) 50 50 
Process oil 4 4 
Dicumyl peroxide* 2:5 1:3 
Saret® 500 10 
Mooney scorch, t; at 120°C, min 11 ay 
Cure time/temperature, min/°C 40/160 40/160 
Tensile strength, MPa Zar 29 
MR100, MPa 25 26 
Elongation at Break, % 260 280 
Resilience, Dunlop tripsometer, % 74 73 
Compression set, 1 day at 70°C, % 3 6 
Goodrich flexometer, heat build-up, °C we 30 


* Di-cup® R, Hercules (USA). 
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TABLE 9 


PROPERTIES OF NR VULCANISED WITH DICUMYL PEROXIDE AND A 
DELAYED-ACTION BISMALEIMIDE SYSTEM 


SMR-L ; 100 100 
SRF black (N762) pe, 25 
Dicumy] peroxide’ Pan 0-6 
N,N’-m-phenylene-bismaleimide?® 30 
N-nitrosodiphenylamine 0-2 
Mooney scorch, ts at 120°C, min 10 52 
Cure time/temperature, min/°C 40/160 30/160 
Tensile strength, MPa 16 19 
MR100, MPa 1-3 1-4 
Elongation at break, % 340 355 
Resilience, Dunlop tripsometer, % 87 85 
Goodrich flexometer, heat build-up, °C 11 14 


* Di-cup® R, Hercules (USA). 
> HVA-2®, Du Pont (U.K.) Limited. 


4. COMPOUNDING FOR ENGINEERING APPLICATIONS 


The developments in vulcanisation systems which have been described 
are ‘relevant to a number of products usually classified as engineering 
applications. These include engine and machinery mounts, transmission 
couplings, vehicle suspension springs and bushes, building mounts, 
bridge and rail-track bearings, and pipe seals for water and sewage. 

High reproducibility of modulus is important in most ‘of these pro- 
ducts and here the flat curing characteristics of EV systems in conjunc- 
tion with SMR-CV help to maintain consistency in a component being 
mass-produced. 

Engine mounts are required to withstand higher temperatures than 
hitherto, which calls for the superior heat ageing and reversion resist- 
ance given by EV, peroxide or urethane systems. This will increase their 
serviceable temperature by about 20°C over that of conventionally vul- 
canised NR. : 

The property of low creep afforded by the soluble-EV system has 
proved beneficial in vehicle springs and shock-absorber bushes. For 
water seals, low stress relaxation under humid conditions is of para- 
mount importance; therefore compounds based on DPNR vulcanised 
with a soluble-EV system would seem to be a sensible choice. 
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4.1. Fatigue Behaviour 

The type of crosslink in vulcanised NR is one factor affecting the fatigue 
life of components. If the strain cycle goes through zero strain, conven- 
tional sulphur systems give longer fatigue lives than other vulcanisation 
systems, although this advantage is rapidly lost if the rubber is heat- 
aged as shown previously in Fig. 5. Rubber springs and mountings gen- 
erally operate under a static load over which is superimposed a smaller 
dynamic load. In these non-relaxing, or finite minimum strain, condi- 
tions the fatigue lives of all NR vulcanisates are much greater than in 
relaxing fatigue. This is shown in Fig, 12°° which also contrasts the 
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Fig. 12. Effect of minimum strain on fatigue life when maximum strain is 250%. 
@, NR; x, SBR. 
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behaviour of NR and SBR. Furthermore the inferior fatigue resistance 
under relaxing conditions given by EV systems compared with conven- 
tional systems disappears and may even be reversed when a finite mini- 
mum strain is introduced. Since cut growth behaviour is governed by 
stress crystallisation this behaviour is consistent with the fact that EV 
rubbers begin to crystallise at lower strains than conventional vulcani- 
sates, perhaps because of their low content of cyclic sulphide groups. 

Table 10 shows a comparison of the fatigue lives of several NR vul- 
canisates, each containing 45 phr FEF black and having comparable 
moduli, under both relaxing and non-relaxing tensile strains. For exper- 
imental reasons (fatigue lives can be very prolonged) the strains used are 
higher than those applicable to components in service. Nevertheless, this 
type of.information should help in the choice of the most suitable com- 
pound for a particular product if the service strains involved can be 
ascertained. 


TABLE 10 


RING FATIGUE LIVES UNDER RELAXING AND NON-RELAXING TENSION 
(MEDIAN VALUES) 


ke to failure at the 
strain cycles 


Vulcanisation system 
0-150% 50-200% 


Conventional 


(S, 2:5 phr;‘CBS, 0-7 phr) 30 - 280 
Semi-EV 

(S, 1-5 phr; CBS, 1-5 phr) 29 700 
Soluble-EV . 

(S, 0:8 phr; OBS, 2:0 phr; TBTD, 0-8 phr) oN 750 = 


4.2. Effect of Carbon Black on Stress-relaxation Rate 

and Loss Factor a ae 
Two basic mechanisms govern the stress relaxation and creep of elast- 
omers. One of these is caused by viscoelastic behaviour and results in a 
rate law in which stress relaxation is proportional to the logarithm of 
time. The other is caused by chemical changes in the polymer network 
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and gives a rate law similar to that found in first-order chemical reac- 
tions. Chemical stress relaxation is dependent on the structure of the 
rubber and crosslinks, on presence of oxygen, etc., but is not markedly 
affected by the presence of carbon-black filler. On the other hand physi- 
cal creep and stress-relaxation increase with amount of filler. Stress 
relaxation is related to the loss factor (tan 5) of the rubber which also 
increases with filler content, and low values of tan 6 are preferable for 
most dynamic applications.*? 

The stress-relaxation rates of NR containing 60 phr of different par- 
ticle size blacks are plotted in Fig. 13.3 It is clear that the lowest rates 
are obtained with large-particle blacks. However the modulus of the 
rubber is also dependent on grade of carbon black and since modulus is 
a more important design parameter than the composition, it is appro- 
priate to compare stress-relaxation rates at the same modulus, by vary- 
ing the amounts of the different blacks. 


Stress-relaxation rate, % per decade 


0 100 200 300 
Particle diameter, nm 


Fig. 13. Effect of filler particle size on stress-relaxation rate (DPNR/soluble-EV 
formulations, each with 60 phr black). 
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Stress-relaxation rate, % per decade 


esolasa SAF, HAF 


Increasing filler loading == 


0. 0.5 1.0 
Relaxed modulus at 20% extension (MR20), MPa 


Fig, 14. Effect of black fillers on stress-relaxation rate (DPNR/soluble-EV 
formulation). 


Figure 14 shows the variation of stress-relaxation rate with modulus 
for an NR/soluble-EV system containing five grades of carbon black. 
The points indicate different levels of each black to give a modulus 
(MR20) range from about 0:2 MPa to 1:0 MPa. The most significant 
feature is that although the very small particle size blacks, SAF and 
HAF, cause the highest relaxation rates, FEF black gives a lower relaxa- 
tion rate than SRF, even though FEF has a smaller particle size than 
SRF. Relaxation rates at any one modulus are not, therefore, simply 
related to filler particle size. The reason for this is that the modulus of a 
filled rubber is not determined primarily by the particle size of the filler, 
but by its structure. FEF (N5SO) has a higher structure than the SRF 
(N762) and therefore less of it is required to achieve a given modulus. 
The effect on relaxation rate of this reduced loading more than compen- 
sates for the effect of decreased particle size. 

The structure ratings of HAF and SAF blacks are not adequate to 
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compensate for their very small particle sizes. Hence it is advantageous 
to choose a high-structure black in the medium particle size range in 
order to obtain low stress-relaxation rates. FEF (N550), GPF (N650) 
and SRF (N765) blacks fulfil these requirements. 

As stated above rubbers having low stress-relaxation rates also have 
low dynamic loss factors (tan 6) and consequently low heat build-up 
properties, which is usually of importance in dynamic applications. 


5. OIL-EXTENDED NATURAL RUBBER 


The large-volume use of oil-extended SBR in passenger car tyres dates 
from the 1950s when it was discovered that oil-extended compounds 
had good wear properties and gave improved skid resistance. It was 
then shown that NR tread compounds could be extended with oil also, 
effecting cost savings and giving similar good skid resistance on wet 
roads. On ice, however, OENR compounds were found to be better than 
OESBR.*? 

Under certain conditions the wear resistance of OENR treads was 
greater than OESBR treads, but at other times, especially during 
summer months, it was worse. Relative wear ratings were shown to 
depend on a single parameter, the tyre surface temperature, irrespective 
of the conditions of use or the absolute rate of wear.**:>* 

Figure 15 shows the wear rating (the higher the rating the less the 
wear) of OENR relative to that of OESBR as a function of tyre surface 
temperature. These data were obtained from road trials with test veh- 
icles under normal and severe driving conditions and with the MRPRA 
experimental trailer, which is particularly suited to the compilation of 
reliable data from relatively short test runs.*° At tyre surface tempera- 
tures below 35°C OENR treads wear better than OESBR treads. During 
winter months in Great Britain tyre surface temperatures average be- 
tween 20-25°C for short journeys and 30-35°C for long fast journeys on 
motorways.** In countries with colder climates, tyre surface tempera- 
tures will be lower and, consequently, the relative wear rating of OENR 
higher. 


5.1. Winter Tyres 

In northern and mountainous countries it has become popular to equip 
cars with special tyres for winter use to provide improved grip on snow 
and ice. They usually have a bold, open-tread pattern and are often 
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Fig. 15. Relative wear rating of OENR versus OESBR for tyre surface tempera- 
tures up to 45°C. 


fitted with steel studs to increase the grip on ice. However, steel studs 
soon wear out and, because they have a disastrous effect on road sur- 
faces, have been banned in-some countries. Alongside tread*pattern, 
therefore, the choice of rubber compound is important in the construction 
of winter tyres.°°>7 

If tyres were to be used exclusively on icy roads the highest skid 
resistance would be obtained with a natural-rubber tread, not dil- 
extended. This is indicated in Fig. 16°® which shows that the coefficient 
of friction (the skid coefficient) of NR on ice is higher than that of SBR. 
Since winter tyres are also used on wet roads in less severe weather, 
their skid performance at temperatures above 0°C is also important, but 
here NR is inferior to SBR. However, OENR and OESBR have higher, 
but now equal, skid coefficients on wet surfaces as shown in Fig. 1738 
and although OENR is not as good as NR below 0°C it is still better 
than OESBR. Therefore for the optimum combination of good grip on 
wet and on icy roads the best tread rubber is OENR. As described in the 
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Fig. 16. Skid coefficients of NR and SBR as a function of track temperature for 
icy and, above 0°C, wet surfaces. 


previous section such treads will have greater wear resistance than those 
based on OESBR. 

The data of Figs. 16 and 17 were obtained with a Road Research 
Laboratory skid tester, on wet and ice-covered concrete slabs to simu- 
late road surfaces, but road tests carried out in Sweden using the 
MRPRA trailer at temperatures from 0°C (melting ice) to — 12°C have 
confirmed the relative skid ratings of OENR against OESBR. 


5.2. OENR in Retreading Compounds 

OESBR is the pringipal polymer used in the retreading of car and 
light-truck tyres, but in many processes, such as Orbitread® and ex- 
truder builders, a proportion of NR is usually needed to provide 
sufficient green adhesion of the tread stock to buffed carcase. 


® Orbitread is a registered trade name of the American Machine and Foundry 
Company, Santa Ana, California, USA. 


32 D. J. ELLIOTT 


0°6 


Skid 
Coefficient 


0-4 


0:2 


-40 -30 -20 =10 0 10 


Track temperature (C ) 


Fig. 17. Skid coefficients of OENR and OESBR as a function of track tempera- 
ture for icy and, above 0°C, wet surfaces. 


_The NR must be premasticated, which is time- and energy-consuming, 
for otherwise the processability is adversely affected in that extrusion 
throughput is reduced. 

It has now been demonstrated*? that an NR/oil masterbateh (75% 
NR/25% aromatic oil), made by adding oil to latex before coagulation 
and requiring no premastication, can be used alone or blended with any 
desired proportion of OESBR, with or without additional oil, BR, NR 
or SBR, to produce compounds which process extremely well. Indeed'it 
was found that as the proportion of OENR in OENR/OESBR/BR 
blends was increased, throughput using a ram extruder fitted with 
camelback die generally increased. Possible reasons for this behaviour are 


1. viscosities decreased, and 
2. mixing temperatures decreased, es 


as the proportion of OENR was increased. The lower mixing tempera- 
tures are believed to result in less carbon-rubber gel being formed and 
this gives improved flow properties. 
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6. MODIFICATION OF NATURAL RUBBER 


The developments described so far are now fairly well established on a 
commercial basis. Some have helped NR to retain markets that might 
otherwise have gone to synthetic rubber, for example on account of 
inherently greater heat resistance. Others have enabled NR to make 
advances at the expense of synthetic rubber usage, a good example being 
winter tyres. In most cases, however, they have been the way to meeting 
stiffer specifications for new or existing products which are being made 
to operate under increasingly severe conditions. This section deals with 
more-recent topics, some of which could be commercially viable in the 
near future and others that are viewéd as long-term developments. 

The basic aims of this research are to devise new materials from and 
find new uses for NR. 


6.1. Thermoplastic Natural-rubber Blends 

Over the past few years there has been widespread interest in materials 
that can be moulded like thermoplastics but have a measure of the 
resilience, recovery or flexibility of vulcanised rubbers at the tempera- 
ture of use. 

One type of thermoplastic NR*° falls into the broad class of materials 
based on physical blends of an elastomer and a thermoplastic resin. It is 
made by blending NR with crystalline polyolefins such as high-density 
polyethylene or isotactic polypropylene and has similar properties to 
blends of EPDM and polypropylene. They are generally hard materials 
at the interface between rubbers and rigid plastics. 

Thermoplastic rubbers of the SBS block copolymer and segmented 
polyurethane types depend upon the presence of ‘hard glassy or 
microcrystalline domains which function as _ crosslinks. With 
NR/polyolefin blends the crystalline polyolefin phase provides stiffness 
and reinforcement, and a small degree of crosslinking of the rubber 
phase prior to moulding further enhances stiffness and strength and, 
perhaps unexpectedly, improves moulding behaviour and surface 
appearance and reduces shrinkage (an effect perhaps similar to that 
given by superior processing NR, which is made from a blend of vul- 
canised and unvulcanised latex particles). The partial crosslinking of the 
NR phase is accomplished with an organic peroxide or other vulcanisa- 
tion agent during preparation of the blend in an internal mixer. Thus a 
typical mixing procedure is to add polyolefin and NR to an internal 
mixer and masticate until the polyolefin melts and is blended with the 
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rubber. The time required will depend upon the temperature of the 
mixer and the rotor speed and can be accomplished in 4 min in a BR 
Banbury heated with steam (50 psi pressure) running at speed 1 
(77 rpm) and in 3 min in a pre-warmed Shaw K2A Intermix with full 
ram pressure and high speed (50 rpm). Dicumyl peroxide (typical 
amount 0:6 parts based on the NR content) is next added and mixing 
continued for a further 2:5 min. One part of antioxidant (based on total 
polymer) is then mixed in for 1 min and the batch dumped. The dump 
temperature should be 180-200°C. After sheeting on a two-roll mill the 
blend can be granulated to give an average particle size of 4-5 mm, 
suitable for hopper addition to extruder or injection moulding machine. 

Injection moulding of thermoplastic NR/polyolefin blends has been 
studied*® and it has been demonstrated that scrap can be re-used. 
Material passed ten times through the injection moulding machine 
showed only marginal deterioration of stiffness and tensile strength. 

The stiffness of an NR/polyolefin blend depends on the relative pro- 
portions of the two polymers and to a lesser extent on the direction in 
which test pieces are cut relative to the direction of flow in the mould. 
Figure 18 shows the effect of polypropylene (PP) content on flexural 
modulus for blends from 75/25 NR/PP to pure PP. A practically useful 
range of thermoplastic NR blends is between 75/25 and about 15/85 
NR/PP. The former is a material with similar properties to sole crepe 
(which relies on crystallised rubber for its reinforcement) whilst the 
latter is typical of high-impact-resistant grades of polypropylene. 
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Fig. 18. Effect of polypropylene content on flexural modulus at 23°C of thermo- 


plastic NR/polypropylene blends. (a) Radial direction; (b) tangential direction in 
square sheet mould filled from centre. 
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Between these limits are blends that are suitable for automotive appli- 
cations such as flexible sight shields, rubbing strips and bumper com- 
ponents. These products form part of systems designed to prevent 
damage to the vehicle in minor accidents. The material must have 
sufficient stiffness for sight shield or bumper to support its own weight 
in all weather conditions from —30°C to +70°C and to withstand 
distortion during paint-baking processes at 120°C, where this is 
applicable. 

The physical properties of NR/polyolefin blends given in Table 11 
Suggest they will meet these requirements of the car industry. They have 
a desirably small coefficient of stiffness with temperature when 
compared with competitive materials like polyurethanes and EPDM 
and they can be painted with flexible urethane paints after the normal 
methods of surface preparation. Incorporation of carbon black at the 
mixing stage renders them sufficiently antistatic to accept paint applied 
electrostatically. If they are not required to be painted they can be colour- 
pigmented but best weatherability is afforded by the inclusion of carbon 
black. They do not crack when exposed, stretched 20°%, to high concen- 
trations of ozone (100 pphm) or to full sunlight. 


6.2. Chemical Modification of Natural Rubber 
Several chemically modified forms of NR have been utilised in the past, 
but have now been largely replaced by synthetic materials. Examples are 
cyclised rubber, cis—trans isomerised rubber and chlorinated rubber. 
Graft polymers of NR with polymethylmethacrylate are used in 
adhesives and for hard flexible mouldings, but although they have cer- 
tain similarities to the NR/PP blends described above, they cannot be 
used as unvulcanised thermoplastic rubbers. 
Recently attention has been concentrated on the addition of new 
chemical groups to the NR molecule to produce two main categories of 
material: 


1. those with a relatively low molar concentration of active groups, so 
that elastic properties are unchanged but reactive sites are avail- 
able for further utilisation; 

2. those with high concentrations, so that rubbery properties are 
markedly changed. 


An extension of (1) is where the added groups are of medium to high 
molecular weight, such as a linear polymer. A new type of graft polymer, 
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referred to as a comb graft, is then produced. The thermoplastic natural 
rubber described later has this type of structure. 


6.3. Modifications via the ‘ene’ Reaction*!:+2 
This reaction was chosen, in preference to free-radical and ionic reac- 
tions, because it was anticipated that addition to NR would occur 
efficiently avoiding undesirable side reactions such as cyclisation and 
double-bond isomerisation. 

The ‘ene’ addition to the isoprenic double bond takes place as 
follows: , 


1 ee § H—YX 
a \ 
CH, ¥: CHow Fi 


where X =Y may be 7 N=O, =C=0, =C=S, or —N=N—. 


Of these the azo ‘ene’ reaction, —N=N-—, has proved to be one of 
the most efficient and therefore useful. (It may be noted that the 
mechanism of vulcanisation with urethane reagents, described earlier, 
involves an ‘ene’ addition of a —N=O group to give a hydroxylamine, 
which undergoes further reaction to an amine.) The reactivity of the azo 
compound can be varied by changing the substituents on the nitrogen 
atoms, and a compound with the desired rate of addition to dry rubber 
(so that a homogeneous modification can be carried out by normal 
mixing procedures) was shown to be ethyl N-phenylcarbamoylazo- 
formate, EtO-OC-N:N-CO:NH-:Ph (ENPCAF). The reaction is com- 
plete in about 7 min at 110°C, a convenient time and temperature for a 
batch operation in an internal mixer. 

A low concentration of ENPCAF groups has only a small effect on 
the elastic properties of NR but reduces the rate of crystallisation at 
— 26°C, for example, by a factor of about ten for 1 mole % modification. 
Higher levels of modification have a pronounced effect on the glass 
transition temperature and the related temperature for minimum re- 
bound, as shown in Table 12. 
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TABLE 12 


EFFECT OF MODIFICATION WITH ENPCAF ON TEMPERATURE OF 


MINIMUM REBOUND 


ENPCAF, mole % Temperature of minimum rebound, °C 


0 
2°59 
5:65 
9:35, 
16:25 


Derivatives of ENPCAF having specific chemical functionality can 
also be attached to NR molecules, thereby providing reactive sites which 
may be utilised for crosslinking, interaction with fillers, adhesion to 
other materials, grafting, etc. Some examples of this approach are in- 


dicated below. 


1. The difunctional ENPCAF reagent, 


CH,(C,H,NH:CO-N:N-CO:OEt),, 


—32 
—23 
=11 
0 

66 


will crosslink NR directly. It is a very rapid reaction which might be 


utilised for prevulcanising latex. 


2. ENPCAF derivatives containing alkoxysilane groups form 


ae 


a new 


type of rubber/filler coupling agent since they contain rubber-reactive 
and silica-reactive groups.** The triethoxysilylpropyl derivative has 


been named SILCAF. It has a number of advantages over mercaptosi- 


. 


lane coupling agents. Thus it allows greater flexibility in the order of 


incorporation in the compound, it has less effect on scorch behaviour 
and it leads to greater improvements in physical properties, especially 
resilience, high strain modulus and abrasion resistance. 


3. A hydroxyl-terminated polystyrene of controlled molecular weight is 
treated with phosgene followed by methyl carbazate to give a hydrazo 
terminal group. Oxidation of the latter yields an azo-terminated 


polystyrene :44:45 


DEVELOPMENTS WITH NATURAL RUBBER 39 


coc, 


~~~OH ~~~0O-CO:Cl 


NH 7‘NH-CO-OMe 


~~~O:CO:NH:NH:CO:OMe 
oxidation 
~~~O->CO:-NsN°CO:OMe 


The azo polystyrene is reacted with NR, either in solution or by dry 
blending in a high shear mixer to give a comb graft copolymer: 


This material behaves as a thermoplastic rubber showing many of the 
characteristics of SBS block copolymers. Figure 19*° shows the effect of 
polystyrene content on tensile strength for whole polymers and frac- 
tionated products of graft copolymers in which the backbone is NR and, 
for comparison, synthetic polyisoprene (IR). Grafting efficiency during 
dry mixing is known to be lower with NR, but in spite of this tensile 
strengths are generally higher than those obtained with the IR. 


Polystyrene Mn 8200 


Tensile 
16 

Strength, 
MPa 


4 = o Whole Polymer 
| 
e Rractionasee Product 
LA, OR BIE [RL eee a0 40 50 


% w/w Polystyrene 


Fig. 19. Effect of polystyrene content on tensile strength for IR/polystyrene and 
NR/polystyrene graft copolymers. 
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Fig. 20. Effect of molecular weight of polystyrene grafted chains on tensile 
strength for IR/polystyrene and NR/polystyrene graft copolymers. 


There is.an optimum molecular weight of the polystyrene for obtain- 
ing maximum tensile strength. This is shown in Fig. 20*° for a copoly- 
mer containing 40% by weight of polystyrene. A pronounced peak 
occurs at a polystyrene molecular weight of 6000-8000, which is much 
lower than the molecular weight of the styrene blocks in SBS block 
copolymers, suggesting some differences in the morphology of block and 
graft copolymers. 


6.4. Epoxidised Natural Rubber 
Natural rubber, in latex form, reacts readily with peracids, the double 
bonds being converted into oxiranes: 


=e 


O 


mA A. 
ah : 


The reaction must be carried out under controlled conditions, includ- 
ing keeping the temperature below 20°C and adding the peracid slowly, 
if secondary ring-opening reactions are to be avoided. 

The reactivity of the epoxy groups towards difunctional agents such 
as diamines was found to be too low for them to be usefully employed 
as crosslinking sites,*’ although more-recent work has shown that their 
reactivity towards the amino acid glycine is much greater.*8*#9 When 
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epoxidation is carried to higher levels and vulcanisation is effected with 
sulphur or peroxide systems, the resulting modified rubber has some 
very interesting properties.°° For example, there is an almost linear 
relationship between glass transition temperature (T,) and degree of 
modification over the whole range from NR (T, = —72°C) to 100 mole 
% epoxidised NR (7, = +5°C). 

Not surprisingly, damping also increases with level of epoxidation but 
stress-relaxation rate is hardly affected, remaining at the low value typi- 
cal of NR. If, therefore, a peroxide or soluble-EV system is used for 
vulcanisation a soft rubber with high damping properties and low stress- 
relaxation rate will be eptained, a combination not possible with other 
high-damping rubbers.° 

For applications where a rents rubber is required to damp out 
vibrations it is desirable that the temperature bandwidth of damping 
should be wide enough to cover the service temperature range of the 
component. This can be achieved in the case of epoxidised NR by 
blending various levels of epoxidation, as shown in Fig. 21 where re- 
bound resilience is plotted against temperature for NR, for materials 
having different levels of epoxidation and for a blend of three materials. 
It is believed that this behaviour results from a basic incompatibility of 
epoxidised rubbers having significantly different levels of epoxide 
groups, since otherwise a narrow bandwidth at an intermediate temper- 
ature range would be expected. 


100+Rebound,% 


-60 -20 0 20 60 # £100 
Temperature, C 


Fig. 21. Rebound resilience of NR and epoxidised NR vulcanisates. (a) NR; (b), 
(c) and (d) 25%, 50% and 90% epoxidised NR respectively. 
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Epoxidation of NR reduces its gas permeability and swelling in 
hydrocarbon oils as shown in Table 13 for gum vulcanisates. 


TABLE 13 
Epoxidation, % 
0 25 50 75 
Relative permeability to air at 23°C 100 30 12 5 


Swelling in ASTM No. 1 oil in 15 days, % 63-5 10-1 08 0-3 
Swelling in ASTM No. 3 oil in 15 days, % 235 131 16 1-3. 


Highly epoxidised NR-has some similarities to NBR but the tensile 
strengths of unfilled compounds are high (typically 29 MPa for a con- 
ventional sulphur/sulphenamide vulcanisate) compared with that of a 
soft NBR compound, probably because epoxidised NR undergoes 
stress-induced crystallisation. 
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Chapter 2 


SPECIAL-PURPOSE ELASTOMERS 


G. C. SWEET 
Du Pont (U.K.) Limited, Hemel Hempstead, Hertfordshire, UK 


SUMMARY 


This article reviews the chemistry, properties and applications of 15 
special-purpose elastomers, including some developmental types which have 
not yet reached a commercial stage. 

The terms of reference for selecting the elastomers reviewed are arbi- 
trary and relate solely to end-use properties, and the utilisation of these 
properties to improve product performance. 

Of the commercial products, chlorosulphonated polyethylene, silicones 
and fluorocarbons are dealt with in some depth. In addition, chlorinated 
polyethylene, epichlorhydrin, polyacrylic, ethylene acrylic, ethylene-vinyl 
acetate and polysulphide rubbers are reviewed. 

In the area of semi-commercial products, there are sections dealing with 
phosphonitrilics, nitroso and carboxy nitroso, carborane and norbornene 
rubbers. 


1. INTRODUCTION 


Ever since the discovery of polymer chemistry earlier this century, the 
rubber chemist has strived to improve upon the properties of natural 
rubber in order to obtain elastomeric materials which are not affected 
by deleterious environments. 

Heat, oils and solvents, oxidising chemicals and ozone are probably the 
most common elements which lead to the degradation of the natural- 
rubber molecule. 

Hence synthetic elastomers have been developed which provide some, 
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if not complete, protection against these factors. The introduction of 
neoprene in the early 1930s provided the industry with its first oil- 
resistant rubber. 

The demands of the end-user have led to advances in polymer 
chemistry which now provide the industry with elastomeric materials 
which are resistant to continuous use at almost 300°C, are immune to 
attack by almost every known solvent and oxidising chemical and have 
saturated polymer backbones that resist ozone at exceptional 
concentration. 

The improvement of one property, however, invariably leads to the 
deterioration of another. Highly oil-resistant polymers are usually very 
stiff and glass-like at low temperatures where another elastomer, with no 
resistance to oil, remains quite flexible. The skill of the rubber technol- 
ogist and polymer chemist is stretched in order to provide end-use require- 
ments that are usually a compromise. The universal elastomer is yet to 
be discovered. 

In the meantime, we have a large number of elastomers that can be 
selected to provide special properties and the objective of this article is* 
to highlight the advantages and disadvantages of each. 

The special-purpose elastomer is usually more expensive than a 
general-purpose elastomer. This is partly the result of a supply/demand 
situation and partly due to the expensive feedstocks which have to be 
used to synthesise the product. Some of the elastomers currently 
regarded as special-purpose could well become general-purpose as 
demand increases and newer, less-expensive routes to synthesis are dis- 
covered. For example, ethylene acrylic rubber may well provide a new 
generation of relatively low-cost derivatives that might eventudlly re- 
place polychloroprene as the world’s most widely used rubber whose 
properties include oil resistance. Chlorosulphonated polyethylene and 
epichlorhydrin are already classed as general-purpose by ASTM 
designation. . 

On the other hand, it is unlikely that fluorocarbons, for instance, will 
ever be priced much lower than at present due primarily to feedstock 
price and availability. 

In this review, ASTM designations are quoted by each heading where 
known. The reader is also referred to a recent paper on heat-resistant 
elastomers’ which has been used as a basis for much of the data shown. 

Finally, the omission of polypropylene oxide elastomer was inten- 
tional since this class of rubber, although limited in commercial use at 
present, would fit much better into a general purpose classification 
system. 
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2. CHLOROSULPHONATED POLYETHYLENE (CSM) 


2.1. Manufacture 

Chlorosulphonated polyethylenes are amorphous, vulcanisable elastic 
polymers marketed under the name Hypalon®. They are prepared by 
treating polyethylene in carbon tetrachloride solution with chlorine and 
sulphur dioxide gas yielding polymers containing 29-43% chlorine and 
1-1-5% sulphur. Both low-density, branched chain and high-density, 
linear polyethylenes are utilised, CSM polymers from the former being 
used primarily for solution coating applications.” 


2.2 Chemical Structure and Basic Properties 
CSM may be represented structurally as 


(—CH,CH, a (—CH,CH—), (—C€H, —CH-—), 


Cl SO, 


Cl 


Values of x, y and z can be calculated from the chlorine and sulphur 
contents of the respective grades. The relation between molecular weight 
and intrinsic viscosity has been determined.’ The degree of unsaturation 
of the polymers is negligible, hence they are highly resistant to heat, 
ozone and weathering. Being chlorinated, CSM vulcanisates are also 
resistant to oils and chemicals. Specific compounding techniques en- 
hance these inherent properties. Owing to polarity of the CSM macro- 
molecule, the dielectric properties of vulcanisates are only average. 
Special compounding techniques can provide vulcanisates with heat re- 
sistance to 150°C.* 


2.3. Available Grades 
Eight grades of Hypalon® are commercially available, as listed in 
Table 1. 


2.4 Vulcanisation and Basic Compounding 

High reactivity of the sulphonyl chloride crosslinking sites in CSM 
affords a wide choice of practical curing systems.*:° Current vulcanisa- 
tion systems are summarised in Table 2. Recently, peroxide curing 


® Hypalon is a registered trade name of Du Pont (U.K.) Limited. 
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systems have been- introduced.® Crosslinking with a_ metallic 
oxide/rubber accelerator curing system in the presence of acrylic type 
coagents has also been described.’ 

Crosslinking mechanisms of CSM with the various candidate vulcanis- 
ation systems are complex. The litharge/magnesia/T etrone® A/Ni BD 
curing system appears to give the best overall heat resistance up to 
150°C, as compared with other metallic oxide/rubber accelerator 
systems also stabilised with Ni BD. To ensure a minimum of covalent 
polysulphide crosslinks, the Tetrone® A content must be kept to a 
minimum consistent with adequate physical properties. Ni BD retards 
the decomposition of polysulphide crosslinks at elevated temperatures, 
which would result in the formation of additional sulphur crosslinks. 

CSM can be compounded and processed on normal rubber equip- 
ment. Conventional fillers, carbon blacks, softeners, plasticisers and 
release agents are used. For optimum heat resistance, low-volatility 
plasticisers are necessary in association with fillers such as whiting, fine 
particle tales and carbon blacks (other than MT, EPC and SAF) in 
addition to the correct crosslinking system.® . 

Vulcanisation is accomplished by the normal methods used in the 
rubber industry. In addition, CSM lends itself to several other methods 
of curing such as moisture, ammonia, radiation and UHF, and has been 
processed by LCM and fluidised bed techniques albeit with some 
difficulty.? 

2.5 Applications 

An American end-use analysis for 1977 indicated that 30°, of CSM was 
utilised in coated fabrics and film sheeting, 40°% in wire and cabl®-4°% in 
hose, 3% in tyres and the remainder in miscellaneous items, including 
rollers. Coatings based upon CSM, either on metals or fabrics, are used 
for chemical resistance. An example is acid-resistant tank linings. In the 
cable industry, CSM is used for its heat and oil resistance, notably a8 
sheathing for nuclear power cables; off-shore oil rig and ships’ cables 
and immersion heater flexibles; and also as insulation in coil-end 
flexibles, diesel-electric locomotive and welding cables. An associated 
application is as a base for semi-conductive- compounds. CSM also 
forms a base for flexible magnetic strips.'° 


=~ 


® Tetrone A (dipentamethylene thiuram tetrasulphide) is a registered trade 
name of Du Pont (U.K.) Limited. 
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In the construction industry, roofing and pit-liner systems, based 
upon unvulcanised, high green-strength CSM compounds, have been 
developed.'*~'* Prime requirements are excellent resistance to weather- 
ing and, for industrial effluent pit liners, good chemical resistance. A life 
of 20 years is predicted for CSM-based roofing systems.!? 

Chemical hoses lined with CSM are commercially produced. Auto- 
motive applications include ignition-cable sheathing, spark-plug boots 
and binders for cork-based gasketing. 

The projected capacity increase for CSM suggests this polymer has 
substantial potential for further growth. 


3. CHLORINATED POLYETHYLENE (CM) 


3.1. Preparation and Grades 

Chlorinated polyethylenes have been available since 1967!* and have 
recently attracted increasing interest as general-purpose heat-, oil- and 
ozone-resistant elastomers for certain specific applications. 

Various methods of manufacture for chlorinated polyethylenes have 
been reported.'*-'® A series of elastomers are commercially available 
based on the free-radical, random chlorination of high-density polyethy- 
lene in an aqueous slurry.’’ A range of five CM polymers is produced 
through variations in chlorine level, polyethylene molecular weight and 
distribution and reactor conditions.'? These elastomers contain 36-42% 
chlorine and vary in molecular weight and inherent crystallinity to provide 
a balance in processing characteristics and physical properties. The 
Mooney viscosity range at 100°C is 50-90. They are supplied as free- 
flowing powders for processing on conventional rubber industry equip- 
ment. 

A new elastomer produced by chlorination of low-density -polyethy- 
lene has been announced.”° The elastomer is offered in either granule or 
powder form for processing in a manner analogous to thermoplastics. 
Grades suitable for crosslinking to improve heat resistance and mechan- 
ical properties contain approximately 40% chlorine and are claimed to 
have good flame resistance. 

Several papers have appeared covering the structural composition 
and properties of chlorinated polyethylenes.?'~*’ 
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3.2. Vulcanisation , 

General techniques for processing and formulating commercial grades 
of CM have recently been reviewed.”® Organic peroxides, often with a 
coagent to improve the rate and state of cure, are the preferred cross- 
linking agents. However, sulphur vulcanisation systems have been 
proposed for polymer previously heated with zinc oxide to introduce 
some C=C unsaturation in the polymer chain. Compared with peroxide 
cures, the process is more difficult to control and sulphur vulcanisates 
show less-satisfactory heat ageing and compression-set resistance. 

As with peroxide cures generally, other compounding ingredients for 
CM should be selected with care since acidic and unsaturated materials 
can seriously impair crosslinking efficiency. Zinc derivatives should be 
avoided as these will initiate dehydrochlorination leading to polymer 
decomposition. 


3.3. Compounding 

Chlorinated polyethylene compounds should include a suitable heat 
stabiliser. Magnesium oxide, litharge, calcium oxide and monobasic sili- 
cate of white lead have been found particularly effective. Polymerised 
trimethyl dihydroquinoline antioxidants improve the long-term heat re- 
sistance of CM at temperatures to 150°C. 

A number of studies on the effect of polymer chlorine level, com- 
pounding ingredients and compound contaminants on the heat resist- 
ance of CM have been reported.?? *! CM vulcanisates are reversion-free 
at temperatures up to 150°C.°° 


3.4 Properties “~ 

The properties of CM vulcanisates have been compared with those of 
familiar oil-resistant elastomers, namely CR, NBR, ECO and CSM.?®:3? 
In general, chlorinated polyethylenes are characterised by good resist- 
ance to heat, oil, flame, chemicals, ozone and weathering. Commercial 
elastomers shown in Table 3 are claimed to perform at temperatures up 
to 162°C. Generally, as the polymer chlorine content increases, the oil, 
fuel and flame resistances are improved but heat resistance is lowered. 
With proper compounding, oil and fuel resistances of CM can approach 
the swelling values of typical NBR stocks. Studies have been reported 
on the rate of permeation of Freon® 12 through chlorinated polyethy- 
lene compounds, including blends with NBR and chlorobutyl.** 


® Freon is a registered trade name of Du Pont (U.K.) Limited. 
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TABLE 3 


DOW/BAYER CPE TYPES 


Chlorine Mooney 
content, Density, viscosity, 

Type 2d gcm3 ML—1 + 4/120°C — Crystallinity 
CM 3630 36 1-16 ca. 80 Very low 
CM 3632 36 1:16 ca. 90 Low 
CM 3610 36 1:16 ca. 30 Very low 
CM 4230 42 1-25 po a. Very low 
CM 2552 25 1-10 ca. 150 Medium 


3.5. Applications 

Chlorinated polyethylenes find major applications in hose, wire and 
cable. Linings and’ covers for chemical transfer hoses have been 
produced from CM elastomers. These hoses are produced in sizes up to 
10-cm internal diameter and are reinforced with rayon and galvanised 
steel wire. Resistance of CM vulcanisates to Freon® permeation makes 
this elastomer an attractive candidate for use in such applications as 
automotive air-conditioner hoses. 

The electrical properties of CM in general limit its use as an insulant 
to low-voltage applications. However, the combination of high- 
temperature stability and good resistance to oils, chemicals, ozone and 
flame makes CM of particular interest for certain cable constructions. 
Patents claiming blends of CM with other elastomers for insulating** 
and sheathing** have appeared. 

Other actual and potential applications for CM include impact 
compositions,*°>” paints,?* and as a modifier for rigid PVC.*? Addition 
of 5-10% chlorinated polyethylene to tyre sidewall compounds has been 
found to significantly improve bond strength of the stocks.*° 


4, EPICHLORHYDRIN ELASTOMERS (CO: ECO) 


4.1. Chemistry , 

Elastomers based on epichlorhydrin were announced in 1965.*) *° Es- 
sentially saturated, high-molecular-weight, aliphatic polyethers with 
chloromethyl side chains, they are available as amorphous homopoly- 
mers of epichlorhydrin (CO) and as 1-to-1 mole copolymers of epi- 
chlorhydrin and ethylene oxide (ECO). 
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Basic structures and typical chemical compositions are shown in 
Table 4. ; 


TABLE 4 


STRUCTURES AND RAW POLYMER PROPERTIES OF EPICHLORHYDRIN ELASTOMERS 


Homopolymer (CO) Copolymer (ECO) 
(—CH, -CH—O—), (—CH,-CH-—O—CH, —CH,—O-), 


CHC! CH-Cl 
Epichlorhydrin 100 65 
Ethylene oxide 0 35 
Chlorine content, % 38-4 25 
Specific gravity 1-36 127 


Preparative methods for experimental epichlorhydrin homopolymers, 
copolymers with propylene oxide, ethylene oxide and allyl glycidyl 
ether, and various terpolymers have been described.** *° 

Patents have appeared in recent years claiming preparation of epiha- 
lohydrin polymers having molecular weights of 5000-300000 by solu- 
tion polymerisation with a catalyst comprising trialkyl aluminium, 
water and an ether.*’ Polymer variations studied have included grafting 
epoxides via an ester group, copolymerisation of epichlorhydrin and 
polymethylmethacrylate with BF,-etherate catalyst,*® and anionic cop- 
olymerisation of benzalacetone and epichlorhydrin.*° Patents have also 
been granted for suspension condensation of epihalohydrins and poly- 
alkylene polyamines*°® and for crosslinked polymers containing dicy- 
clopentadiene rings.*! 

Possible future polymer modifications to provide pendent unsatura- 
tion may permit sulphur or sulphur-donor cures. This should shorten 
cure cycles without greatly affecting heat and fluid resistance. 


4.2. Basic Properties 
The two forms of epichlorhydrin elastomer have certain properties un- 
matched in the other. 

The homopolymer, CO, has a brittle point of — 15°C, excellent resist- 
ance to ozone and weathering and good resistance to heat and swelling 
in oils. Gas permeability is outstandingly low, being less than half that 
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of butyl (IIR) rubber. Flame, ozone and heat resistances of the homo- 
polymer are superior to those of the copolymer. 

The copolymer, ECO, has a brittle point of —40°C, is much more 
resilient and is more suitable for low-temperature applications. Air per- 
meability is comparable with medium acrylonitrile NBR. 

Vulcanisates of both polymers exhibit low swell in water and aliphatic 
solvents. Tensile strength is typically 14 MPa, elongation 200-350%. 
Compression set at 100°C is similar to cadmium diethyl dithiocarbamate 
(Cadmate®)-cured NBR or post-cured ACM. Electrical properties and 
radiation resistance are considered to be relatively poor. 

With compounds containing 40. phr filler and no plasticiser, volume 
change of CO and ECO after 70 h at'150°C in ASTM No. 3 oil has been 
reported as 11% and 15% respectively, compared with 24% and 8% for 
medium- and high-acrylonitrile NBR and 14% for ACM.°? The same 
reference includes data on long-term air ageing at 150°C, immersion in 
hot oils and fuels,’ flex life, bond strength and physical properties at 
elevated temperatures. Long-term comparative air ageing, stress relaxa- 
tion and property changes in ASTM No. 3 and commercial oils for 
red-lead-cured ECO, NBR, ACM, IIR, EPDM and FKM have been 
reported.°? 


/ 


4.3. Commercial Grades 

There are two American sources offering grades as shown in Table 5S. 
Epichlorhydrin elastomers are also produced in pilot-plant quantities in 
Japan. 


4.4. Compounding and Vulcanisation 
CO and ECO polymers process readily, having inherently good tack, 
low mill shrinkage, good extrusion characteristics and mould flow. Rela- 
tionships between Mooney viscosity and heat built up under practical 
shear rates and temperatures, and the effects of compounding in- 
gredients and cure systems on flow properties, have been studied.°*-°° 
Carbon black or conventional non-black fillers such as silica, silicates, 
treated clays or talc may be used as reinforcing agents or extenders. 
Ester-type plasticisers are compatible. 

Vulcanisation may be accomplished with a variety of reagents that 
react difunctionally with the allylic chlorine group including diamines, 
urea, thioureas, 2-mercaptoimidazoline and ammonium salts.*° 
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TABLE 5 


AVAILABLE GRADES OF EPICHLORHYDRIN ELASTOMERS 


Producer Trade name Grade Type 
Hercules (USA) Herclor H Homopolymer 
C Copolymer 
BF Goodrich (USA) Hydrin 100 Homopolymer 


200 Copolymer 


Vulcanisate heat resistance is dependent upon the presence of an acid 
acceptor/cure activator, the stabiliser system and the curative selected. 
The effectiveness of common ingredients has been compared.°” Lead- 
based acid acceptors are by far the best. Inclusion of a stabiliser in ECO 
or CO increases vulcanisate heat resistance either by acting as an 
antioxidant or by repairing broken chains. Dibasic acids such as azelaic 
acid act in the latter manner in the presence of lead-based acid accep- 
tors. Among curatives, thioureas impart much better heat resistance 
than diamines, although the latter cure faster and give lower compres- 
sion set. _ 

Studies on heat stability of various vulcanised epichlorhydrin elast- 
‘omer compositions at 150°C suggest that hydrated silica usefully ex- 
tends service life as» compared with carbon blacks. Earlier studies 
indicated that excellént tensile properties at high silica loadings and 
high crosslink densities were apparently due to a favourable silica— 
polymer interaction.°7°8 =" 

Studies on the vulcanisation of epichlorhydrin abound. Patents exist 
for systems to improve vulcanisate compression set and>resistance to 
degradation in oil, water and brine at temperatures in excess of 120°C 
and pressures as high as 28 MPa. Specific sulphenamides impreve 
processing safety. 


4.5. Thermal Degradation 

Several studies have been made on the mechanism of thermal degra- 
dation. Aspects include chemical stress relaxation and evolution of 
hydrogen chloride at elevated temperatures and the stabilising effects of 
carboxylic acids,°? the deleterious effects of metal contamination®®’®! 
and the degree of crosslinking, gel fraction and volume of oxygen ab- 
sorbed at. 175°GSee 
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4.6. Applications 

Published data suggest that in the USA up to 60% of epichlorhydrin 
elastomers are used in automotive and mechanical applications, which 
include control-system hose, tubing, diaphragms and moulded products. 
Hoses to SAE-type J30R1 have been made to meet the higher tempera- 
tures associated with emission control together with fuel resistance. 
Widespread use in oilfield and industrial hose is envisaged, 


5. POLYACRYLIC ELASTOMERS (ACM) 


5.1. Chemistry 

Polyacrylate or acrylic elastomers comprise polymers with a preponder- 
ance of acrylic ester groups, generally derived from ethyl or butyl acry- 
late. They were developed in 1940 by the USA Department of 
Agriculture and the first commercial products were marketed under the 
Hycar® trade name in 1948. 

The earliest ACM elastomers were vulcanised by strong polyfunc- 
tional bases; however, at an early stage in their development reactive 
groups were introduced into the chain to facilitate crosslinking. The first 
such group was 2-chloroethyl vinyl ether copolymerised with ethyl acry- 
late. This polymer was cured with active diamine systems. Problems 
associated with these systems included poor processing, limited bin stab- 
ility, mould fouling and poor low-temperature properties. These prob- 
lems led to the investigation of alternative reactive sites, which still 
continues. Comonomers evaluated include vinyl chloroacetate, allyl gly- 
cidyl ether, non-conjugated dienes and others. All of these copolymer 
systems need a vulcanising agent to be added to the compound but 
copolymerisation with an acrylamide permits self-curing ACM polymers 
to be obtained. These species are claimed to be stable up to 150°C and 
the cure rate can be increased by acidic accelerators. 

Monomers bearing reactive sites usually represent about 5% of the 
polymer composition, the major part of the remainder being acrylic 
ester. Polymers based on ethyl acrylate have excellent oil resistance but 
poor low-temperature properties, whereas those based on butyl acrylate 
show improved low-temperature properties but inferior oil resistance. 
Thus, some commercial grades of ACM are based on compromise 
blends of these monomers, possibly with the addition of other acrylates 
such as alkoxy alkyl acrylate.°*~°’ 


® Hycar is a registered trade name of BF Goodrich (USA). 
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Representative structures are: oe 
—CH,—CH— | + | —CH,—CH=— | or 


CH, ea or —=CH, =O 


Peas bu 
ss 
b /O 
ae H; 
CH, 
y y 
Cl ; 
Ethyl Chloroethyl Activated Epoxide 
acrylate vinyl ether chlorine: (variety of 
(amine cure) vinyl caraitees§ 
chloroacetate 


(soap cure) 


" There are many alternative copolymerisation routes to lower the 
brittle point of ACM at minimal cost to oil resistance. Some ACM types 
resist embrittlement down to —40°C.°° » 


5.2. Commercial Sources and Grades 
A list of USA and European suppliers of ACM and their principal 
polymer grades constitutes Table 6. ACM is also produced in Japan’by 
Nippon Zeon, Takeda Chemical and Mitsui Toatsu. 


5.3. Vulcanisation 

Major advances in the technology of ACM have permitted elimination 
of active amine curing agents, initially by a combination of ammonium 
salts of carboxylic acid, ammonium benzoate and adipate. Advantages 
claimed for this system include improved processing and bin stability, 
shorter cure cycles, less mould fouling and improved compression set. 
Disadvantages include a tendency to cause pitting of high-carbon steel 
moulds. 
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TABLE 6 


COMMERCIAL GRADES OF ACM ELASTOMER 


Country Manufacturer Trade name — Grades 


Italy Montedison Elaprim AR_ 152 


USA American Cyanacryl 153 
Cyanamid R 


USA Thiokol Thiacril Ad 


USA BF Goodrich Hycar 4021 


Canada _-Polysar Krynac 882 


882—C 


Suppliers’ 
comments 


General purpose; good 
low-temperature flex 


General purpose 

High-temperature and 
hot-oil resistant 

Good low-temperature 
flex 

Best low temperature 


General purpose 
Good resistance to 
heat and shaft 

corrosion 


Heat resistance above 
150°C 

Low Mooney viscosity; 
improved processing 

Use up to 205°C 

For cements and 
adhesives 

Better low-temperature 
flex than 4021 

Low temperature to 
— 40°C; high 
temperature to 
+ 180°C 


Good processing; 
versatile cure 
systems; low 
corrosion; good 
low-temperature 
flex 

As 882, better 
processing 


Another improved vulcanisation system comprises mercaptoimidazo- 
line and thiourea in the presence of red lead or dibasic lead 
phosphite.°?:7° This offered similar advantages but with less-dramatic 
improvements in resistance to mould fouling and compression set. It 


also tended to bloom. 
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Most recently, *sulphur-soap* cure systems have been evolved consist- 
ing of small amounts of sulphur with alkali metal stearates. These are 
easy to control and are less temperature sensitive, since cure rate and 
properties may be altered by varying the relative concentrations of 
curatives.”':7? Mould corrosion is low. Recent work has suggested that 
crosslinks produced by this system suffer thermal degradation during 
heat ageing, as opposed to the oxidative degradation predominant in 
amine-cured compounds. Most commercial ACM polymers announced 
since the discovery of the sulphur-soap cure system have been designed 
to use it.’> 

Another system of interest is the use of peroxides with non-chlorine- 
containing ACM elastomers. 


5.4. Compounding and Processing 

As with other elastomers, compounding of ACM is specific to proces- 
sing and end-use requirements. Newer copolymers show markedly 
improved processability especially with regard to mill sticking. Com- 
pounds may be made on conventional open mills or in internal mixers. 

A typical ACM compound should contain a reinforcing filler, usually 
carbon black. Acidic fillers should generally be avoided but stearic acid 
is often included as a process aid. The desirability of antioxidant addi- 
tion depends on the elastomer structure. Heat resistance of newer ACM 
types containing epoxide or activated chlorine reactive sites may be 
optimised by adding 1-2 phr of antioxidant. Shaft seal compounds may 
contain fibrous fillers and/or graphite to reduce lip friction. Plasticisers, 
if used, must have low volatility to withstand the hot-ait post-cure 
normally given and subsequent service at elevated temperatures. 

Mixed ACM compounds are processed by conventional techniques, 
including extrusion and calendering. Compression moulding is the most 
common but transfer moulding and steam curing are also used. The 
newer copolymers with improved cure systems can also be injection 
moulded. Most acrylic elastomer mouldings are post-cured to produce 
the optimum properties, typically for 6 h at 185°C. 

Bonding to metals during vulcanisation is accomplished using the 
same silane primers employed for silicone and FKM elastomers. 


5.5. Properties 

ACM elastomers are used primarily for their combined resistance to 
heat, oil and oil additives. They can withstand limited exposure to tem- 
peratures as high as 204°C, which places them well above NBR but 
below silicones and fluoroelastomers. The heat-resistant polymers can 


—— 
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withstand 168 h in hot air at 175°C’? with relatively little change, 
largely due to the saturated-polymer backbone which also imparts re- 
sistance to oil additives, especially sulphurised types for lubrication 
under extreme pressure conditions. Overall oil-swell resistance is similar 
to that of medium-high acrylonitrile NBR.°? Copolymers based upon 
ethyl acrylate can withstand temperatures in excess of 180°C in contact 
with oils with good retention of physical properties and low volume 
swell. ACM has good inherent resistance to ozone, oxidation and ali- 
phatic solvents but is more prone to hydrolysis than most other elast- 
omers. Tensile strength values up to 14 MPa and elongation to 200% 
after post-cure are typical. Compression set of 40-60% after 70h at 
150°C has been reported for a soap-cured ACM.’* 


5.6. Applications 

A survey has indicated that about 80° of USA consumption of ACM 
elastomers comprised seals, O-rings and gaskets; 10°% was used in 
adhesives, sealants and coatings and the rest in miscellaneous items, 
probably largely mouldings. ACM is used in automotive transmission, 
valve stem and pinion seals. As pinion seals, it is among the few elast- 
omers other than FKM able to withstand premature attack by sul- 
phurised and other ‘extreme pressure’ oil additives. Softening in some 
EP lubricants may be a problem. The wider working temperature range 
of newer ACM types has helped extend their use to ignition-cable 
sheaths, spark-plug and dust boots, emission-control hose, belts, rolls, 
tank linings, sealants and adhesives. They are used as binders for cork 
or asbestos gasketing. 


6. ETHYLENE ACRYLIC ELASTOMER 


6.1. Chemistry : 

A new class of heat-resistant rubber bassed on a carboxylated copoly- 
mer of ethylene and»methyl acrylate was announced in 1975 by Du Pont 
under the trade name Vamac™.’° Indicated structural units are: 


(—CH, —CH,—), (—CH—CH,—), ork 


mm) CmO 

bcu, bu 
Ethylene Methyl Cure site 
acrylate monomer 
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Fic. 1. Comparative heat and oil resistance of various elastomers. 
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6.2. Properties . : 
Ethylene acrylic rubber was designed to fill an apparent gap in the 
property spectrum of heat- and oil- resistant rubbers (see Fig. 1). It fits 
into an area between Hypalon® (CSM) (see Section 2) and silicone 
rubber (see Section 7). The moderate oil resistance and useful service 
temperature range of — 30°C up to + 180°C indicates an ASTM D 2000 
Class E designation. 
In addition, this elastomer has complete immunity to ozone attack. 


The properties for a typical ethylene acrylic seal compound’® are 
shown in Table 7. . 


= . 


~~ 


6.3. Compounding 


6.3.1. Vulcanisation 
Ethylene acrylic rubber can be vulcanised with primary diamines or 
peroxides.’’ Usually, methylene dianiline is used to provide safe pro- 


TABLE 7 
ee ee re ee ee ee ee 


Original Properties 


Tensile, MPa 9:7 
100°% Modulus, MPa 6:2 
°%, Elongation 227 
Hardness 74 
Specific gravity 1:38 
Compression set (149°C) 
vee ae A ad 
70h, % 266 
Low-temperature test per ASTM D 1053 
T-2 61°C 
T-5 222°C 
T-10 275°C 
T-100 43°C 
Low-impact test per ASTM D 746 
Pass 372°C 
Fail 7 * — 40°C 
Oven Aged 
70 h at 300°F (149°C) 
Tensile change, °% +12 
100% Modulus change, % +22 
Elongation change, % —19 
Hardness change, points © +4 
70 h at 350°F (177°C) 
Tensile change, °% +15 
100°% Modulus change, % +51 
Elongation change, % —31 
Hardness change, points fail 


Oil Aged—1 week at 300°F (149°C) 
ASTM No. i oil 


Tensile change, % +23 
100°% Modulus change, % +28 
Elongation change, % —7 
Hardness change, points +3 
Volume change, % —2 
ASTM No. 3 oil 
Tensile change, % —6 
100° Modulus change, % —18 
Elongatién change, % +1 
Hardness change, points —26 
Volume change, % + 38:3 
Automatic transmission fluid 
Tensile change, % +12 
100°% Modulus change, % +1 
Elongation change, % +1 
Hardness change, points —8 


Volume change, % +126 
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cessing, relatively fast cures with good physical properties. More recently, 
a faster curing system based on hexamethylene diamine carbamate 
(Diak® 1)’® has been developed. 

Peroxide curing is normally restricted to non-black cable jacketing 
formulations because physical properties are not sacrificed. However, in 
black-filled compounds used for moulding, a peroxide cure will give 
lower physical properties. Hence an amine cure is preferred. 


6.3.2. Fillers and Plasticisers 
The polymer is normally supplied in the form of a masterbatch for ease 
of handling, either with 20 parts of SRF black (Vamac® B-124) or with 
23 parts of fumed silica (Vamac® N-123). The former is used for 
general-purpose applications and the latter for cable insulation jackets. 
Additional carbon black can be added to B-124, or additional silica or 
other white fillers to N-123. 
Plasticisers are restricted to polyester types which provide a good 
balance between low-temperature performance and heat resistance. ; 
A specific blend of process aids and mill release agents is mandatory 
to allow easy processing. 


6.4. Applications 

Potential applications for ethylene acrylic rubber lie in the area 
normally considered established for silicones, CSM, EVA and polyacry- 
lates as indicated in Fig. 1. 

Hence, automotive parts such as O-rings, shaft seals, spark-plug boots 
and other underbonnet miscellaneous parts can be considered ‘and are 
now made in this elastomer. Radiator hose for diesel engines, where 
heat-, oil- and engine-coolant resistance are required, is also under 
development. - 

In the wire and cable industry, ethylene acrylic rubber is finding 
expanding use in ignition-wire sheathing, and for medium-voltage cables 
where its higher temperature rating and zero halogen content makes it 
an alternative to CSM. This is particularly important where a low toxi- 
city and smoke-generation level is required to meet new, more-stringent 
flammability regulations such as for cables used in ships and 
submarines. 


® Diak is a registered trade name of Du Pont (U.K.) Limited. 
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One property of ethylene acrylic rubber concerns its ability to absorb 
energy over a wide temperature range, as distinct from butyl rubber 
which peaks at about —20°C (Fig. 2). Tan 6 is the loss tangent which 
shows how much energy is absorbed by a system. The higher the 
number the better is the system’s ability to dampen out vibrations. This 
leads to a further important application in high-temperature dampening 
applications such as gear-box and engine mounts which must operate 
outside the normal temperature range covered by natural rubber or 
SBR. The damping characteristics are also constant over a frequency 
range of 10-1000 Hz at a constant temperature. 


1 oe 


EA Elastomer 


OPA Buty! rubber 


Tan 


0.01} 


LO i | ee eee 
80 -40 0 40 80 120 160 


Temperature ,°C 


Fic. 2. Vibrational damping. Tan 6 v. temperature. 
7. SILICONE ELASTOMERS (MQ, PMQ, VMQ, PVMQ, FC) 


7.1. Chemistry 

Rapid growth of silicone elastomer consumption since World War II is 
attributable to a unique combination of properties relative to organic 
elastomers. This uniqueness results from molecular structure consisting 
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of long chains of very strong, thermally stable silicon—oxygen 
(—Si—O—) bonds encased by organic groups. Compared to organic 
rubber polymer chains, silicone elastomers have large molar volumes 
and very low intermolecular attractive forces.’? 

Silicone polymers are made from organosilicon intermediates, or 
monomers, prepared from elemental silicon.’? These monomers are 
compounds of the type SiR,X4_,, where R is an alkyl or aryl group and 
X is a group which can be hydrolysed to —SiOH, such as chlorine or 
alkoxy. 


7.1.1. Heat-vulcanisable Polymers 
Polydimethylsiloxane, ASTM D 1418 designation MQ, is the basic sili- 
cone polymer. It is a very-high-viscosity fluid or gum composed mainly 
of linear polydimethylsiloxane chains, produced by condensation poly- 
merisation. Commercial gums usually contain between 3000 and 10000 
dimethylsiloxy units in the average chain: 


CH, 


& 


H, n = 3000-10000 


Substitution of vinyl groups (—CH=CH,) for less than 0-5% of 
methyl groups yields polymers more responsive to peroxide vulcanisa- 
tion agents. They require less peroxide for cure and show improved 
compression-set resistance. The vinyl group is neutralised during cure, 
giving a completely saturated polymer. Most commercial polymers 
today are copolymers containing vinyl groups. They bear the ASTM 
designation VMQ. 

The good low-temperature flexibility of MQ rubber can be further 
improved by substitution of 5-10°% phenyl (—C,H;)—or ethyl 
(—CH,CH;) groups for some of the methyl groups in the polymer 
chain. Phenyl-rich copolymers. provide elastomers resistant to radia- 
tion.’? Phenyl-substituted silicone rubbers are designated PMQ. 

MQ and VMQ rubbers are more resistant to swell in acetone and 
diesters than in aliphatic and aromatic hydrocarbons. The character- 
istics can be reversed by replacement of a methyl group on each silicon 
atom by a more polar entity, such as the trifluoropropyl group 
(CH,CH,CF;). The resultant polymers are fluorosilicone elastomers 
(FVMQ) which are discussed in Section 8. 
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7.1.2. Room-temperature Vulcanising (RTV) Polymers 
RTV compounds are based on low-molecular-weight silicone polymers 
with reactive and groups and a polyfunctional compound. 


CH, 
xO— bo —X 
H; n= 100-1000 


Base. polymer 


As in high-molecular-weight, heat-cured polymers, some methyl 
groups can be replaced by phenyl or trifluoropropyl groups to improve 
low-temperature flexibility and resistance to aromatic and aliphatic 
hydrocarbons respectively. End-group reactivity depends on the cure 
system; X is typically hydrogen, silanol, dimethylvinylsilyl, or alkyl of 
one to four carbon atoms. Systems have been developed that cure by 
reacting with atmospheric moisture.°°'?! 


7.2. Commercial Sources and Grades 

There are several manufacturers of silicone rubbers, most of whom 
supply raw polymers (gums), pre-compounded gums and RTV types. 
Other than phenyl- and vinyl-containing types, special grades include 
materials with enhanced tensile and tear strengths (tensile to 11 MPa), 
extreme high-temperature resistance (to 300+°C), improved insulation 
resistance for wire and cable applications, ultra-low compression set and 
flame resistance respectively. Also available are grades requiring no 
post-cure, ‘self-bonding’ types, others with low vapour pressures and 
outgassing for aerospace and vacuum systems, ‘food contact’ types and 
medical grades in both solid and RTV form suitable for implantation 
and other biomedical applications. 

Major American producers are Dow Corning, General Electric, 
Union Carbide and Stauffer-Wacker. In Europe producers include Dow 
Corning, Bayer, and Wacker-Chemie (Germany) and Rhone-Poulenc 
(France). Silicone elastomers are also produced in Japan by Toshiba 
and Shin-Etsu, and in the USSR. 


7.3. Vulcanisation Systems 
Silicone elastomers may be cured in various ways: 


1. by free-radical crosslinking; 
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2. by crosslinking of the attached vinyl or alkyl groups; through reac- 
tions with silylhydride groups. 

3. by crosslinking linear or slightly.branched siloxane chains having 
reactive end groups, such as silanol. This is a typical RTV system, 
yielding Si—O—Si crosslinks. 


7.3.1. Heat-curable Compounds 

Heat-cured silicone rubber compounds are normally cured in the 
presence of one or more organic peroxides such as benzoyl peroxide, 
tertiary butyl perbenzoate and bis(2,4-dichlorobenzoyl) peroxide.**"** 


7.3.2. RTV Compounds 
Many, if not all, curing systems for RTV silicones fit three general 
classifications: © 


1. Condensation cure—moisture independent. RTV products centain- 
ing these curing systems will all cure in deep sections, independent 
of atmospheric moisture. They are known as ‘two-package RTVs’, 
because curing agent and/or catalyst must be added just prior to 
use. 

2. Condensation cure—moisture dependent. Crosslinking occurs 
when the compound is exposed to atmospheric moisture, hence 
depends on the rate of diffusion of moisture into the rubber. 
Moisture-dependent RTV compounds are known as ‘ one-package 
RTVs’, since the curing agent and catalyst are incorporated in the 
base compound during manufacture. 79:84 

3. Addition cure. Crosslinking occurs without formation of volatile 
products, and independent of the presence of air or atmospheric 
moisture. 


a 


7.4. Compounding 

Silicone elastomer suppliers have available compounding information to 
meet over 100 military and industrial specifications. Much of this data is 
readily available. 

7.4.1. Heat-curable Compounds 

A typical silicone compound contains polymer, reinforcing and/or ex- 
tending fillers, processing aids or softeners, special additives (blowing 


agents for sponge, etc.), pigments and one or more peroxide curing 
agents. 
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Polymer. Pure polymers may be used but it is usually easier and more 
economical to compound from reinforced gums. These are mixtures of 
pure gum, processing aids, and highly reinforcing silica and may or may 
not contain special additives. 


Reinforcing fillers. Fume-process silicas reinforce silicone elastomers 
more than any other filler. Because this silica is of high purity, com- 
pounds containing it have excellent electrical insulation properties. 
Silica aerogels can be used for moderately high reinforcement, but they 
increase water absorption. Carbon blacks give only moderate reinforce- 
ment and retard cure with aryl peroxide curing agents. Their principal 
use is in electrically conductive or antistatic compounds. 


Extending fillers. Ground silica and calcined china clay are used in 
compounds for mechanical and electrical goods. Calcined diatomaceous 
silica is used in electrical compounds, low-compression-set stocks, and 
mechanical goods stocks to reduce tack. Other extending fillers include 
calcium carbonate, zirconium silicate and zinc oxide. 


Additives. Organic and some inorganic pigments adversely affect the 
heat ageing of silicone. Red iron oxide is suitable both as a pigment and a 
heat-ageing improver. Nitroso-based blowing agents may be used. 
Preparation and properties of sponge silicone stocks have been 
described.*° 


7.4.2. RTV Compounds 
RTV rubbers are sold as ‘ready to use’ proprietary products requiring 
no further compounding. 


7.5. Properties 
Useful. summaries, of the properties of silicone elastomers are 
available.’° A key attribute of silicone rubber is its ability to retain a 
large proportion of its initial properties after long periods of time over a 
wide range of temperatures. Also, initial physical properties tend to be 
relatively constant with varying temperatures; hence, while not as strong 
initially as some elastomers or as good a dielectric, the properties in 
service of silicone rubber tend to be more predictable. 

Tensile strength is generally lower than for organic elastomers but 
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‘high strength’ types widen the range of values from 45 MPa to 
11 MPa. Strength, as well as most other properties, depends on base 
polymer, fillers, special additives and state of cure. Elongation compares 
favourably with organic elastomers, ranging up to 900% in some cases. 
Tear strength varies from 8 kN m_! to 35 kN m“’. Again, these figures 
remain quite stable at high temperatures and under fatigue cycling. 
Hardness, as with most rubbers, can be varied considerably depending 
upon compounding techniques. Typical values range from 25 Shore A to 
90 Shore A. Compression-set resistance is generally accepted as being 
better than that of any other elastomer, except bisphenol-cured FKM.°° 
Values of 7-15% after 70 h at 150°C are not uncommon with special 
low-compression-set silicone grades. 

Good stability during high-temperature heat ageing may not be ob- 
tained in the absence of air (oxygen) as under these conditions silicone 
and fluorosilicone elastomers can revert to a paste or powder at a lower 
temperature than expected, probably due to hydrolysis promoted by 
trapped moisture. Only slight ventilation is required to prevent -rever-* 
sion at temperatures up to 260°C. 

‘Useful life’ for silicone at continuous elevated temperatures has been 
reported as 2 years at 150°C to 84 days at 260°C.’° 

At low temperatures, general-purpose grades resist embrittlement 
down to —75°C and retain flexibility at —SO°C. Special grades are 
serviceable down to — 115°C. 

Correctly formulated silicone elastomers retain good electrical 
properties at temperature extremes under moisture and ageing condi- 
tions that severely affect many other insulations. They have eXcellent 
resistance to water, steam, weather and oxidation. Abrasion resistance of 
standard types is poor. After burning, they leave a non-conductive char. 
This is useful in certain types of cable. 

Excellent chemical, solvent and oil resistance can be obtained> 
especially by using FVMQ polymers. General-purpose types show 
moderate swell in mineral and engine oils, rather higher swell in trans- 
mission fluids. They swell severely in petrol and diesel fuels, aromatic 
oils compounded for extreme pressure conditions, solvents and ketones. 
Oxidised lubricating oils can promote reversion. _ 


7.5.1. Heat-curable Compounds 

Representative physical properties of selected formulations are shown in 
Table 8. In view of the wide variety of grades offered, these figures 
should be taken as a basic guide only. 
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7.5.2. RTV Compounds 
Physical properties of RTV compounds vary alist depending upon 
the type of cure employed. 


7.6. Applications 

Applications for RTV grades depend partly on the cure system. One- 
package condensation cures are used for atmospheric crosslinked caulks 
and sealants; condensation-cure moisture-independent systems for 
elastic parts; coatings; adhesives; encapsulants; and therapeutic gels. 
Addition-cured RTV uses include flexible moulds, dip coating, potting 
and encapsulation of electrical components. 

Solid silicone elastomers are used in the electrical industry as insula- 
tion for nuclear power and ships’ cables, apparatus lead and electronic 
hook-up wire, and appliance and fixture wire. Other applications in- 
clude capacitor bushings, coated glass sleeving, tubing and television 
corona shields. 

In the automotive industry, applications include spark-plug boots, . 
ignition-cable sheathing, heavy-duty radiator hose, valve-cover gaskets, 
and crankshaft and transmission seals. In the appliance industry, major 
applications for silicone elastomers are oven-door and washer-—dryer 
gaskets. 

Predictably, the wide operating temperature range of silicone elast- 
omers finds uses in aerospace applications. Typical examples are air 
frame opening seals, pressure-regulator seals, wire insulation and 
hydraulic-system seals. Construction industry applications are pre- 
dominantly RTV sealants. Miscellaneous applications include roll 
coverings, cellular sheeting and shapes. 


8. FLUOROSILICONES (FVMQ) 


8.1. Chemistry 
Fluorosilicone elastomers combine in large measure the fluid and heat 
resistance of fluorocarbons and the low-temperature flexibility of sili- 
cone rubbers. Available commercially since 1958, they are made by ionic 
polymerisation.*’** The molecular weight is approximately 6000 but 
lower-molecular-weight products are available for sealant and fluid 
applications. 

Uncompounded FVMQ _ gum, designated ‘Silastic LS-420’, is 
described as trifluoropropyl methyl polysiloxane, with a minor level of 
vinyl comonomer to facilitate peroxide vulcanisation. 
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More recently, hybrid copolymers derived from trifluoropropyl 
methyl polysiloxane and fluorocarbon segments have been studied to 
retard reversion in oxygen-free hot applications, and halogen-containing 
polymers for improved fire retardancy have been prepared. Reviews of 
this topic are available.°° 


8.2. Grades 
The principal commercial polymer grades are shown in Table 9. One- 
and two-part RTV sealants based on FVMQ are also available. 

TABLE 9 


PRINCIPAL ELASTOMERIC FLUOROSILICONE GRADES 


y Vulcanised 
Designation Description specific gravity 

Silastic LS-420 ~ Polymer base 1-25 
Silastic LS-422 84% base, 16% reinforcing 

silica filler 1-38 
Silastic LS-53U Compounded base for moulding 1:40 
Silastic LS-63U Compounded base for extrusion 

and calendering 1-45 


8.3. Properties 
As compared with fluorocarbons, FVMQ vulcanisates generally have 
lower hardness, modulus, elongation and tensile strength but at temper- 
atures above 100°C both tensile and tear strengths of FVMQ exceed 
that of FKM.°° High tear strength FVMQ has been developed. Com- 
pression set of FVMQ at 150°C is similar to or better than amine-cured 
FKM but not as good as bisphenol-cured fluoroelastomer or standard 
silicones, and FKM demonstrates superior resistance to long-term stress 
relaxation at 150°C in the absence of air.?° Performance of FVMQ and 
FKM in static sealing applications over the temperature range —54°C 
to + 150°C has also been compared with results favourable to FKM. 
With a solubility parameter of 9-6, similar to that of FKM, the resist- 
ance of FVMQ to aliphatic and aromatic hydrocarbons is very good. 
Long-term hot-air resistance at 230°C may be obtained, combined with 
low-temperature stiffening at —55°C and brittleness at —66°C.°° A 
TR-10 value of —60°C has been reported. Extended heat resistance of 
FVMQ is not as good as that of FKM but the combination of resistance 
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to degradation in hot air and low-temperature flexibility is notable. 
Heat resistance may be enhanced by incorporation of aluminium or 
cadmium oxides. Dielectric properties exceed those of FKM. 


8.4. Applications 

Owing to very high polymer volume cost (about twice that of FKM), 
FVMQ is used only where its unique balance of properties is essential. 
Even so, 60% is thought to be used in industrial applications, compared 
with 40° in aerospace applications. Typical applications include 
O-rings, seals and flexible couplings for jet-engine fuel systems, fuel- 
pump diaphragms and carburettor valves, mountings for engines and 
electronic components, and electrical connectors to MIL-C-26500 
specification. Diaphragms may be fabric-reinforced. RTV compositions 
are used as fuel-tank sealants in high performance aircraft. Development 
of a highly water-resistant moulding compound for electrical applica- 
tions has been described. 


9. FLUOROCARBONS (CFM AND FKM) 


9.1. Chemistry 
Fluorinated polymers date from the discovery of poly(tetrafluoro- 
ethylene) in 1938.’ Highly fluorinated polymers are very stable and 
possess exceptional resistance to oxidation attack, chemicals, certain 
solvents, weathering and flame. This stability has been attributed to the 
high strength of the C-F bond as compared with the C-H bond, to 
steric hindrance and to strong van der Waals’ forces. ’ 

Commercialisation of elastomers containing sufficient fluorine to 
impart high stability occurred in 1955 when copolymers of vinylidene 
fluoride VF, (CH,=CF,) and chlorotrifluoroethylene CTFE 
(CFCI=CF,) were introduced. These copolymers, ASTM designated 
CFM, contain more than 50° combined fluorine and are available as 
KEL-F® in the USA and Voltalef® in France. Presence of chlorine in 
the polymer reduces heat resistance relative~to co- and terpolymers 
containing fluorine substitution only. 2 

Elastomeric copolymers of vinylidene ddoride and hexafluoro- 


® KEL-F is a registered trade name of 3M(USA). 
Voltalef is a registered trade name of Ugine (France). 
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propylene HFP (CF;—CF=CF,) were announced in 1956 and details 
of polymerisation, curing and vulcanisate properties have been 
described.°*-°* They were commercialised as Viton® A types and 
subsequently Fluorel®. About 2 years later, a terpolymer of vinylidene 
fluoride, hexafluoropropylene and tetrafluoroethylene TFE (CF, =CF;) 
became available.®° This contains a nominal 68°% combined fluorine as 
compared with 65% for commercial VF,/HFP copolymers, hence 
shows even better long-term resistance to heat, swelling in oils and 
solvents and chemical degradation, e.g. from certain oil additives. This 
polymer became known as Viton® B. 

In the early 1960s copolymers of VF, and 1-hydropentafluoro- 
propylene HPTFP (CF;—CF=CHF) and terpolymers of these with 
TFE were disclosed.?° Tecnoflon® S$ and T copolymers contain a 
nominal 62% fluorine. Both these and the preceding polymer groups 
bear the ASTM designation FKM. 

More recently, a. number of so-called tetrapolymers have been 
produced, so far of undisclosed chemical composition but built around 
the basic structure described above.?’:°® The essential difference be- 
tween these and the foregoing fluorocarbon rubbers is the fact that they 
can be peroxide-cured (see also Section 9.2). 


9.2. Commercial Sources and Grades 
Known commercial sources and principal grades of FKM elastomers 
offered are listed in Table 10. These polymers are usually supplied 
additive-free although more recent types, notably the Viton® E series 
and B-910, the Fluorel® 217 series, the Tecnoflon® FOR series and 
DAI-EL® G-701 are sold containing proprietary vulcanisation systems. 
It is interesting that compounds based upon FKM rubbers with 
viscosities normally considered high can, with reasonable care, be 
processed and moulded conventionally without use of volatile plas- 
ticisers. This suggests that this elastomer class possesses on unusual 
degree of thermoplasticity. f 
Special-purpose FKM types include Viton® C-10 and LM, low- 
viscosity grades fof solution coatings and plasticising stiff fluoroelas- 
tomer compounds respectively; Fluorel® 2161 and 2171, process aid 
masterbatches for use with Fluorel® 2160 and 2170 respectively; 


® Viton is a registered trade name of Du Pont (U.K.) Limited. 
Fluorel is a registered trade name of 3M(USA). 
Tecnoflon is a registered trade name of Montedison (Italy). 
DAI-EL is a registered trade name of Daiken Kogyo (Japan). 
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TABLE 10 


PRINCIPAL GRADES OF FLUOROELASTOMERS COMMERCIALLY AVAILABLE 


x 


Probable 
Country Company Grades monomer base 
USA Du Pont Viton® A, A-HV, 
A-35, LM, C-10, 
E-60C, E-430, VF2/HFP 
E-45, E-60 
Viton® B, B-50, | 
B-910, B-70 prPbecipen: iaall 
Viton® GH, GLT, | Tetrapolymers, 
VT-R-4590 | not disclosed 
3M Fluorel® 2140, 
2142, 2143, 2160, 
2lG1, 207022 lon | 
2172, 2173, 2174, | VF2/HFP 
2116, 247, 218: | 
2179, 2180, 2181 
3M KEL-F® 3700, 5500 VE, /CEFE 
IF4 Perfluorobutyl 
acrylate 
2 LVS-76 Not disclosed 
Italy Montedison Tecnoflon® SL, SH VF,/HPTFP 
Tecnoflon® T VF,/HPTFP/TFE 
Tecnoflon® FOR | 
'f 
FOR-LI, FOR-SR |’ 2/HEP ss 
1 ® 
Japan Daiken Kogyo DAI-EL® G-501 | VF, /HFP/TFE 
G-601 | 
DAI-EL® G-701 VF, /HFP Se 
France Ugine Kuhlmann  Voltalef® 3700, 5500 VF,/CTFE 
USSR SKF-26, 260, 260-1 VF,/HFP 
SKF-32 VF,/CTFE 


Fluorel® 2172, an accelerator masterbatch for use in the Fluorel® 217 
series; and Tecnoflon® FOR-SR, a curative-containing polymer designed 
for service in steam, hot water and acids. 

More recent special-purpose grades include three peroxide-curable 
types. Viton® GLT is designed for improved low-temperature properties 
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and is approximately 15°C better than Viton® A types and 12°C better 
than Viton® B-70. Viton® VT-R-4590 and Fluorel® LV-76 (bisphenol- 
cured) are designed for improved fluids resistance over conventional 
terpolymers of the B type. Finally, Viton® GH is suitable for contin- 
uous, low-pressure, hot-air curing and additionally has much improved 
steam and water and acid resistance.?? 

A developmental Viton® latex is also available. 


9.3. Vulcanisation Systems 


9.3.1. Diamine Cure Systems 

Until the late 1960s, the vast majority of commercial FKM vulcanisates 
were prepared using derivatives of aliphatic diamines as crosslinking 
agents. Aliphatic diamines themselves are impractically reactive and 
scorchy, a deficiency overcome by using blocked diamines as their inner 
carbamates. Hexamethylene diamine carbamate, HMDA-C, frequently 
known commercially as Diak® 1, was the first such curing system and is 
still used today, although high-viscosity compounds containing it tend 
to be scorchy and exhibit limited uncured storage stability. Typical 
addition levels are 1-1-5 phr by weight. HMDA-C or peroxides such as 
benzoyl or p-chlorobenzoyl are the preferred crosslinking agents for 
CFM elastomers. 

The most important blocked amine-type curing agent for FKM is 
biscinnamylidene hexamethylene diamine (DCND), known as Diak® 3. 
This provides the best balance of compound storage stability, processing 
safety, mould flow and cure-rate capability available in an amine system. 
Typical addition levels are 1-5—3-0 phr. 

All practical blocked-amine-cured FKM compounds require the 
presence of a metal oxide to achieve commercially acceptable vulcan- 
isates at practical press cure times. Also, an oven-post-cure of, up to 24 h 
at 200°C in a vented oven is necessary to develop ultimate physical 
properties, especially compression set. A three-stage cure mechanism has 
been proposed. 


1. Bases, e.g. metal oxide, react with polymer chains to form double 
bonds by elimination of HF. 

2. Nucleophilic difunctional amine groups from decomposition of the 
curative react at the double bonds to form relatively unstable imine 
structures. 
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3. During post-cure, conjugated double-bond systems are formed by 
dehydrofluorination at points adjacent to double bonds formed in 
the first stage. These unsaturated centres then react to form addi- 
tional heat-stable crosslinks. Water formed from the neutralisation 
of HF by the metal oxide is simultaneously removed. Thus, the 
post-cure cycle is necessary to remove centres of instability formed 
during the initial press (or steam) cure cycle. 


Traditionally, 15 phr of low-surface activity magnesium oxide (MgO) 
has been found to give the best balance of compound storage stability, 
scorch and cure rate with blocked-amine curatives. For good resistance 
to water, aqueous chemicals and acids, up to 15 phr to litharge (PbO), 
should replace magnesia, although resistance to dry heat and compres- 
sion set is somewhat impaired. A compromise is 10 phr each of zinc 
oxide and dibasic lead phosphite. This gives a rather lower rate and 
state of cure and set resistance, with greater processing safety and inter- 
mediate water and acid resistance. It is the favoured oxide system ins 
CFM compounds for service in strong oxidising acids such as red 
fuming nitric acid or concentrated sulphuric acid. 

Even with an optimum combination of polymer, amine curative and 
post-cure cycle, evaluators noted that in applications involving resist- 
arice to compression set and stress retention, such as O-rings, service life 
of fluoroelastomers was frequently limited not by inherent degradation 
resistance but by loss of sealing force and ability to recover after 
compression. Factory processing was marred by limited temperature 
and humidity-dependent compound storage life, and mould fouling due 
to reaction of amine with the metal surface. 

These problems led to the development of FKM curing systems based 
upon aromatic polyhydroxy compounds. To be practical these require 
the presence of strongly basic organic adjuvents. Most recent system 
are based on bisphenols. These latter provide outstanding resistance to 
compression set and stress decay at temperatures to 200°C, excellent 
compound storage stability and processing safety and dramatically 
reduced tendency to mould fouling.!°° 

A 1973 paper has discussed practical aspects : and potential mechan- 
isms of FKM crosslinking systems in some detail.!°! 


9.3.2. Bisphenol Cure Systems 
Bisphenol cure systems are supplied ready mixed in the base polymers 
or separately as masterbatches.'°? System variations permit a wide 
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range of cure rate and state and demoulding hot tear strength. Commer- 
cial examples of curative-containing types include Viton® E-60C, E-430 
and B-910, Fluorel® 2170, 2173, 2174, 2176, Tecnoflon® FOR, FOR-LI 
and FOR-SR and DAI-EL® G-701. Fluorel® 2172 is an accelerator 
masterbatch used to adjust cure rates of the 217 series and Viton® 
curative masterbatches are supplied for incorporation into Viton® E-60, 
E-45 or all existing A and B types if required.!°? 

Depending on the ratio of accelerator to bisphenol used, it is possible 
to obtain a virtually ‘ideal’ rheometer cure curve as shown in Fig. 3. 
The bisphenol curative provides extreme safety at processing tempera- 
tures, as shown by Mooney scorch: At 180°C a controlled delay allows 
good mould flow even in complex tools, followed by extremely rapid 
modulus development to a stable level. 

Bisphenol cure systems also require the presence of a metal oxide, 
usually 3-5 phr of highly active magnesium oxide rather than higher 
levels of low-activity magnesia. The latter may, however, be used up to 
17 phr in special compounds for enhanced bonding to metals. In addi- 
tion, 1-5-6 phr or more of caicium hydroxide is necessary to act as a 


90- 


Viton® Bisphenol 
80 


70 


<4 a Ke 


Viton®A/DIAK®1 


Torque at 180°C 


Minutes 


Fic. 3. Monsanto rheometer cure rate. 
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vulcanisation promoter, possibly by the controlled release of water. 
Length of the cure-induction time at moulding temperatures and safety 
at processing temperatures are inversely dependent upon calcium 
hydroxide concentration. Air oven post-cure at temperatures in the 
range of 230-260°C is normal with these cure systems, although com- 
pression set without post-cure is equivalent to post-cured, diamine- 
based systems. 

Versatility of the newer vulcanisation systems has enabled suppliers to 

offer special grades with outstanding compression-set and _ stress- 
relaxation resistance for O-ring manufacture. Typical of these are 
Viton® E-60C,.Fluorel® 2170 and 2174 and DAI-EL® G-701. Compres- 
sion set of fluroelastomers versus polymer viscosity and cure system 
has been compared in suppliers’ literature and elsewhere,!0°101:10?-19% 
and is summarised in Table 11. 
_ Long-term testing up to 9000 h at 150°C and 1200 h at 200°C in air 
and service fluids has confirmed that bisphenol-based cure systems have 
dramatically improved the compression-set and stress-relaxation resist~ 
ance of FKM rubbers over their feasible working temperature range and 
has broadened that range.°° 


TABLE 11 


* COMPRESSION SET OF FLUOROELASTOMERS WITH VARIOUS CURE SYSTEMS 


i O-Ring compression 
set, %: ASTM D 395, 


Cure system Polymer Method~ B’=-70 h 
Polymer type ML at 100°C at 200°C in air 

Viton® A HMDA-C 65 45-50 
Viton® A DCND 65 60 
Viton® A-HV HMDA-C 160 (at 121°C) 35 a 
Fluorel® 2160 Hydroquinone 60 26 
Viton® E-60 Hydroquinone 60 25 
Tecnoflon® FOR _ Bisphenol ca. 90 16-20. 
Viton® E-60C Bisphenol 60 15-18 
Fluorel® 2170, id 

2173, 2174 Bisphenol 60 15-18 


9.3.3. Peroxide Cure Systems 

These systems, applicable only to Viton® polymers GH, GLT and 
VT-R-4590, do not provide the same resistance to compression set and 
long-term stress decay (although better than diamine systems). 
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However, their main attribute is to provide compounds capable of being 
cured in low-pressure systems such as hot air or LCM without sponging 
or fissuring. In addition, they provide much improved resistance to hot 
aqueous media, e.g. steam, hot water and acids, and allow FKM elast- 
omers to compete in the field normally held by EPDM or butyl 
elastomers. 

To summarise this section, Table 12 rates the main property differ- 
ences between the three types of curing system. 


TABLE 12 


COMPARISON OF FKM CURE SYSTEMS 


Blocked 
Property diamine Bisphenol Peroxide 
Pressureless curing Not applicable Not applicable 1 
Demoulding tear strength 1 1-2 3 
Stress retention, 200°C air 3 1 2 
Stress retention, steam/hot water 3 2 1 
Acid resistance 3 2 1 
Flex life 1 2 3 


Rating: 1 better than 2 better than 3 


9.4. Compounding 

Probably owing to the simplicity of fluoroelastomer-based compounds, 
relatively little is published on compounding other than in polymer 
suppliers’ technical literature. However, two useful summaries are 
available.'°*,2> 


The composition of a typical FKM compound 1s given in Table 13. 


TABLE 13 

Parts by 

weight 
Elastomer 100 
Metal oxide 3-20 
Cure promoter, e.g. calcium hydroxide (bisphenol cure) 1-5-6 
Filler(s) (normally MT black) 5-50 
Curing agents (if not in raw polymer) 1-3 
Processing aid 0-5-3 


Coagent (if peroxide-cured) Zz 
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9.4.1. Fillers 

Serviceability of FKM depends more upon inherent resistance to severe 
environmental conditions than upon physical properties. Also, high 
polymer cost dictates use of the maximum filler volume consistent with 
performance requirements. Reinforcing structure blacks increase tensile 
and tear strengths but impair processing of higher-viscosity polymers 
and disproportionately increase vulcanisate hardness; hence compounds 
containing them have higher polymer contents than those formulated 
with non-reinforcing thermal blacks or mineral fillers. Filler loadings 
and scope for compound cost reduction are severely restricted by the 


absence of effective plasticisers (see Section 9.4.2) and high gum stock 
IRHD values.*° °° 


9.4.2. Plasticisers and Process Aids 
No fully compatible plasticiser for FKM, non-fugitive during post-cure 
and high-temperature service, has been found; hence polymer extension 
and improvement of low-temperature flexibility are largely impractical. 
If required for processing, lower compound viscosity is normally 
achieved either by polymer selection or by incorporation of S—20 phr of 
a very-low-molecular-weight fluoroelastomer such as Viton® LM. 
Process aids, typically low-molecular-weight polyethylenes or hard 
waxes such as carnauba, may be used at 0-5-3 phr, depending on type, 
to aid roll and mould release and to reduce die drag during extrusion. 


9.5. Properties 
Again, suppliers’ literature is,the most detailed source of information, 
although two survey articles!°*1°° provide a useful outline. — 

The practical IRHD hardness range for FKM vulcanisates is 50-95. 
Most fall in the 70-85 region. Unlike bisphenol-cured vulcanisates 
(some of which are more stable), hardness of diamine-cured compounds 
may drop 10 points or more with temperature rise to 200°C. 

Continuous potential service life of FKM in air has been estimated 
and is shown in Table 14. 


TABLE 14 
Temperature, °C Hours service 
230 > 3000 
260 1000 
290 240 


315 48 
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Thermal degradation and specifically elimination of HF on heating 
FKM has been widely studied.!°°!°’ CFM is not as heat-resistant as 
FKM. 

Compression-set resistance has been dealt with under Section 9.3 in 
connection with vulcanisation systems. However, Fig. 4 indicates the 
clear superiority of an FKM elastomer over other oil- and heat-resistant 
elastomers in a test designed to show the sealing-force retention of an 


O-ring at 150°C. 


100 


S 
je) 


Retained sealing force, % 
a 
fo) 


Polyacrylate Silicone 


100 1000 10,000 
Hours at 150°C 


Fic. 4. Sealing-force retention of fluorocarbon versus other elastomers used for 
seals. 


9.5.1. Fluids Resistance 

FKM vulcanisates are highly resistant to aliphatic and aromatic hydro- 
carbons, chlorinated solvents and petroleum fluids. They show high swell 
in ketones, monoesters, ethers and certain proprietary fluids such as Sky- 
drol® S5OOB, an alkyl aryl phosphate ester aircraft non-flammable hydraul- 
ic fluid, but they resist aryl phosphate ester types. Resistance to mineral 
acids can be good if suitably compounded but CFM is better than FKM 
in resisting strongly oxidising acids and alkalis. Unless compounded with 
litharge, resistance of FKM to hot water, steam and wet chlorine is 
relatively poor (but see peroxide cures—Section 9.3.3). Resistance to 
oil-well ‘sour gas’ is poor except for Viton® VT-R-4590 (see below). 


® Skydrol is a registered trade name of Monsanto Corp. (USA). 
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Among chemicals, ammonia and amines tend to embrittle FKM, 
including amines present as antioxidants in some lubricants. Hot 
anhydrous HF and chlorosulphonic acid attack it. 

One of the new peroxide-cured FKM elastomers has resulted in an 
improvement in the fluid resistance of these rubbers. Some typical com- 
parisons with a normal B-type FKM elastomer are shown in Table 15. 


TABLE 15 


FKM POLYMER WITH ENHANCED FLUIDS RESISTANCE 


Volume change, % 


Fluid Test Viton® B VT-R-4590 


Methanol 7 days/24°C +22 +4 
Benzene 7 days/24°C +15 +7 
Jet-engine oil 7 days/200°C + 15 + 10 
Skydrol® 500B 7 days/121°C + 130 +42 


70% Nitric acid 7 days/70°C +21 + 8 


——— 


9.5.2. Low-temperature Properties 

FKM parts rarely fail in service due to brittle fracture at low tempera- 
tures. However, operation of sensitive equipment such as fuel-metering 
systems, regulating valves, etc., can be impaired by stiffening of seals, 
diaphragms, etc., at sub-zero temperatures. Frequently, onlyaa few 
degrees improvement in polymer low-temperature flexibility makes the 
difference between satisfactory and unsatisfactory field performance. 

Two new FKM elastomers provide enhanced low-temperature flexi- 
bility without use of plasticisers or significant loss of fundamental polymer 
properties. One, Viton® B-70, is vulcanised with bisphenol or blocked 
polyamine systems; the other, Viton® GLT, is crosslinked with 
peroxides.'°*!°° The data in Table 16 illustrate the performance of 
these two elastomers compared with more-conventional VF, /HFP and 
VF,/HFP/TFE polymers (A or B types). ; 

It is worthy of note that successful sealing of aviation fuel down to 
—54°C has been reported by an aircraft-fuel-system manufacturer using 
O-rings based upon a conventional bisphenol-cured E-type fluoro- 
elastomer.'!° This indicates that where static seals are involved, conven- 
tional laboratory low-temperature tests may be poor indicators of actual 
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field performance in that they tend to underrate the elastomer’s true 
capabilities. 


TABLE 16 


FKM POLYMERS WITH ENHANCED LOW-TEMPERATURE PROPERTIES 


Viton® E-60C Viton® B- Viton® B-70 Viton® GLT 


O-ring set, 

Mihiat. 200267 18 27 26 30 
Clash and Berg 

stiffness, °C —17 © =13 —21 — 30 
Brittle point, °C —35 —41 — 46 —51 


Volume change in 
ASTM reference 
fuel C, a : 
70 h at 100°C, % +20 +18 +22 +23 


9.6. Applications 

Fluoroelastomers were originally developed to provide seals in aero- 
space applications subject to severe temperature and fluid exposure. A 
recent survey!!! indicates that approximately 75° of USA fluorocarbon 
rubber consumption is accounted for by O-rings, packings and gaskets. 
Automotive and other mechanical goods account for 12%, adhesives, 
sealants and coatings 5°%%, coated fabrics, sheeting and hose 4% each, 
and miscellaneous uses 3°%%. Applications in passenger cars are restricted 
by high polymer cost but fluoroelastomers are used in valve-stem seals, 
heavy-duty automatic transmission and pinion seals for high heat and 
oil additive resistance, and also in crankshaft seals and cylinder-liner 
O-rings for diesel engines. The service temperature range for FKM 
rotary shaft seals has been noted as —45°C to + 200°C. They are in- 
creasingly used where downtime and replacement costs are high and to 
provide greater reliability where ACM or even NBR ‘could be 
considered.!!? References can also be made to a comprehensive review 
of elastomeric shaft seals and materials.'!? 

Resistance of FKM to hot corrosive gases should lead to new appli- 
cations in automotive and industrial emission-control systems. Miscel- 
laneous applications include roll and conveyor-belt covers for hot 
materials, oil and chemical valve linings, e.g. for tanker discharge 
systems, acid- and oil-resistant hose liners, pump impellers, cable sheath- 
ing for extreme conditions and flue-duct expansion joints. 
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10. PERFLUORINATED ELASTOMER (PFE) 


Commercialisation in the mid-1970s of rubbers based essentially upon 
copolymers of tetrafluoroethylene and perfluoromethyl vinyl ether 
provided elastomeric materials without hydrogen atoms in the molecule, 
thereby dramatically increasing resistance to thermal, oxidative, chemi- 
cal and aggressive fluid attack, even as compared with FKM.*? Chemi- 
cal resistance of PFE approaches that of PTFE, hence is almost 
universal. 


10.1 Chemistry y 
The basic structure of PFE, known commercially as Kalrez®, is shown 
below: 

= (CF, GCF x) -=(CF, =F} 


n 


TFE (60) | PMVE (40) 


(Polymer contains < 2% of a fluorinated third monomer to permit 
vulcanisation.) 


10.2. Availability 

Owing to unusual processing requirements, parts based upon Kalrez® 
(PFE) are only available from the polymer supplier and agents. Special 
parts other than O-rings, sheet and card can be made but fhere are 
restrictions on diameter and thickness of mouldings. At present, metal- 
bonded dynamic shaft seals are not offered. 


10.3. Properties 
Salient advantages of PFE over FKM include the following:'!* 


1. Continuous dry-heat resistance to 260°C, intermittent to 315°C. 

2. Essentially unaffected by hydrocarbon and polar liquids. 

3. Resistant to the majority of chemicals that_attack other elastomers, 
including FKM, e.g. acrylonitrile, amines, ketones, styrene, vinyl 
chloride, hot sodium hydroxide, fuming nitric acid. 

4. Resistant to oil-well ‘sour gas’. 


® Kalrez is a registered trade name of Du Pont (U.K.) Limited. 
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5. Resistant to high-temperature steam. 


6. Very good long-term, high-temperature compression-set resistance. 
7. Resistant to outgassing under vacuum to 300°C.'* 


Disadvantages of PFE include: 


1. Slow recovery from compression at moderate temperatures, e.g. 
below 150°C. 

2. Relatively high thermal coefficient of expansion, sometimes necessi- 
tating redesign of seal housings, 

3. Limitations on size and complexity of finished parts. 

4. High unit part cost. 


PFE compounds are available covering the 70-97 Shore A hardness 
range. The highest’hardness compound is designed for maximum seal- 
extrusion resistance under extreme service pressure and temperature 
conditions, e.g. 1004+ MPa at 200+ °C. 

Long-term heat ageing of a 90 Shore A PFE compound is 
demonstrated in Table 17. This should be compared with results for 
FKM (see Section 9), which has almost complete loss of elasticity after 
an average 125 days at 250°C or an estimated 60 days at 260°C. 


TABLE 17 


DRY HEAT AGEING RESISTANCE OF A 90 SHORE A PFE 


500 days 112days 28 days 7 days 


Property Original at 230°C at 260°C at 290°C at 315°C 
Tensile 
strength, MPa 18:3 16:8 16:8 112 14-0 
Elongation, % 120 220 240 320 230 
Hardness, : 
Shore A 90 87 87 86 87 


The effect of temperatures from 200°C to 260°C on long-term O-ring 
stress-relaxation or sealing-force retention of PFE versus E-type FKM 
is shown in Fig. 5. It is notable that PFE rings at 260°C and FKM rings 
at 230°C reach zero sealing force after a similar period (40-50 days). 

Table 18 compares the resistance of perfluoroelastomer and FKM to 
selected fluids and chemicals. 
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Fic. 5. PFE versus FKM: effect of temperature on O-ring sealing-force 
retention. 
TABLE 18 


CHEMICAL RESISTANCE; PFE versus: FKM (7 DAYS AT 
24°C) 


Volume increase, % 


Medium REE FKM 
Benzene 3 22 
Ethyl acetate 3 280 
Methyl ethyl ketone <i! 240 
f Tetrahydrofuran al | 200 
Nitrobenzene 1 24 
Nitrogen tetroxide Satisfactory 280 
Ammonia, anhydrous Satisfactory Embrittled 
: a" 
TABLE 19 : 
PFE PARTS IN CHEMICAL SERVICE 
Medium Temperature, °C Time, days 
Acrylonitrile Ambient 14 
Methyl methacrylate 160 180 
Mixed hydrazine/ammonia/sulphides 66-93 240 
m-Phenylene diamine 230 180 
Process steam 250 es 365 
‘Sour gas’ to 150°C/SO MPa 750 
Styrene Ambient 95 
Sulphuric acid, 30°, oleum 50 270 


Vinyl chloride Ambient Satisfactory 
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Finally, Table 19 lists representative media and conditions where PFE 
seals function reliably but all other elastomers tested have failed. 


10.4. Applications 
The following industrial applications for Kalrez® have been noted: 


i 


aA fh WN 


11.1. 


Pressure-switch seals and O-rings in hot mercury/caustic mixture 
lines to 120°C. 


. Compressor O-ring seals in carbon dioxide at 230-245°C. 

. O-rings in mechanical seals in heat, transfer fluid at 245°C. 

. A similar application in maleic anhydride at 170°C. 

. Oilfield deep well tube-to-packér V-ring seals in 14°% sour gas for 2 


years at 150°C. Predicted maximum service temperature is 200°C. 


. Protective electrical connector sleeves in geothermal ‘logging’ 


tools at operating depths to 2150 m, live steam to 260°C. 


. Seals in approximately 100 American chemical plants and 20 oil 


refineries. 


. Seals in chemical process equipment from approximately 25 Amer- 


ican manufacturers. 


. Seals and septa in process and analytical instruments from nine 


American manufacturers. 


11. ETHYLENE-VINYL ACETATE 


Chemistry and Availability 


Copolymers of ethylene and vinyl acetate, colloquially termed EVA, are 
elastomeric in the 40-60° VA range but commercial grades usually 
contain 40-45°%. The copolymer, structural formula as shown below, is 
substantially amorphous at 40° VA content but retains some of the 


thermoplasticity of polyethylene. 


P15,216 


=H, aici, —=CH; ACH SCH: =H, aa 


» 


Ethylene-vinyl acetate 
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Commercial grades of EVA elastomer are marketed as Levapren® 
and Vynathene®, variations being confined to VA content (40-60%) and 
viscosity, which is low (12-20 Mooney at 100°C). 


11.2. Properties 

Ethylene-vinyl acetate is characterised by good dry-heat, ozone and 
weather resistance. Heat resistance is better than EPDM but poorer 
than FKM and silicones, and may be ranked similar to ACM. Resist- 
ance to swelling in oil and solvents is less notable, being inferior to 
polychloroprene (CR) and NBR. Comparative oil resistance and low- 
temperature stiffening of EVA, CR, NBR, ACR, FKM and MVMQ has 
been reported.1!7 ASTM D 746 brittleness values below — 50°C may be 
obtained without plasticisers. 

Vulcanised EVA copolymers can withstand 120°C continuously, or 
140-150°C with a useful life up to 1 year. At 180-200°C, life can be 
‘measured in weeks. Degradation studies relating VA content and 
oxygen absorption have indicated that 40% VA is preferable to lesser 
levels, but that very low levels in the non-elastomeric range give best 
heat resistance. 


11.3. Vulcanisation and Compounding 
Compounding of EVA is basically simple. Cure systems are peroxide- 
based, usually in conjunction with a coagent such as triallyl cyanurate 
for increased state of Cure. Peroxide selection depends on desired cure 
time, temperature, and freedom from odour. High-energy-radiation 
curing may also be employed. ~ 
Carbon black is the preferred filler for EVA, reinforcing types giving 
best physical properties. Mineral fillers and plasticisers should be 
selected carefully to avoid interference with vulcanisation. Low-volatility 
paraffinic oils and esters are satisfactory. For optimum heat resistaneeéza 
polycarbodimide-type antioxidant may be used. Physical properties fall 
within the normal rubber range, with tensile strengths up to 25 MPa 
and elongations of 200-600%. Hardness ranges from Shore 60-85. 
Compression-set resistance over the temperature range 100-180°C is 
claimed to be superior to that of silicone elastomers. A post-cure may be 
given to remove peroxide decomposition products. 


® Levapren is a registered trade name of Bayer AG, Germany. 
Vynathene is a registered trade name of United States Industries. 
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11.4. Applications 

The heat resistance of EVA vulcanisates is utilised in moulded and 
extruded seals for use in heating installations and automotive applica- 
tions, and also in cable insulations. Compounding principles and 
properties for the latter are established and compositions satisfying 
Underwriters Laboratory Specification UL 44 are practicable.!1® A 
comprehensive review of EVA polymers has been published.1!° 


12. POLYSULPHIDE RUBBERS (T) 


Introduced in 1939 by the Thiokol Corp., these rubbers still provide the 
widest range of solvent resistance available, although other elastomers 
may provide better specific resistance to certain classes of solvent (e.g. 
FKM). See also Fig. 1, Section 6.2. 


12.1. Chemistry 
Polysulphide rubbers are produced by reacting an organic dichloride 
and a polysulphide. 


Na,S, =f 1-H, —CH, ‘Cl 


(CH,CH,S,), + 2NaCl 


Two distinct classes of product are manufactured as determined by 
the polymer end-groups. 


12.1.1. Hydroxyl-terminated 

Types A and FA are hydroxyl-terminated and can be designated by the 
structure (—SS—R’—SS—R"”—SS—), . They are high-molecular-weight 
polymers and have to be plasticised chemically with a thiazole-type 
rubber accelerators such as MBTS to afford processability. 


on —o5—R —Ss-), + R’—SS—R” 
Polymer Accelerator 
+ (SS—R'—SS—R”) + (R’”--SS—R’—SS—) 
Softened polymer 
Redistribution of the disulphide/accelerator linkages occurs. These plast- 
icised compounds can then be vulcanised with zinc oxide. Unfor- 


tunately, due to this method of plasticisation this class of polymer has 
poor compression-set resistance. 
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12.1.2. Mercaptan-terminated 
Type ST is mercaptan-terminated and the structure is different since the 
polymer is depolymerised during manufacture.'?° 


R—SS—R + NaSH ——— R-—SSNa + RSH 
R—SS—Na = NaHSO, — RSH 53 Na,S,0, 


TABLE 20 


COMPARISON OF SOLVENT RESISTANCE OF THREE STANDARD POLY- 
SULPHIDE RUBBER COMPOUNDS 


= ; Volume swell after 
1 month at 25°C, %? 


Solvent A FA ST 
Benzene 30 96 114 
Toluene 24 55 79 . 
Xylene 17 31 39 
Carbon tetrachloride 20 36 48 
SR-6° 6 10 10 
SR-10° —2 1 1 
Glacial acetic acid 10 72) 18 
Butyl acetate 17 17 35 
Dibutyl phthalate 6 7 8 
Linseed oil 0 0 0 
Ethyl alcohol 0 2 5 
Ethyl glycol 0 1 NSS: 
Glycerol 0 2 - fT 
Methyl ethyl ketone (MEK) 34 28 49 
Methyl isobutyl ketone (MIK) 24 13 eS 
10% HCl 2 2 2 
100°% HCl D D D be 
20% NaOH 1 2 2 7 
10% HNO, D D D 
10% H,SO, 2 2 2 
50°, H,SO4 D D D 
Water 3 By) 5 
D = Decomposed. a 


“ ASTM designation D 471-64T ‘Change in Properties of Elast- 
omeric Vulcanisate Resulting from Immersion in Liquids’. 

’ 40° Aromatic, blended reference fuel—60°% isooctane, 20% 
xylene, 15°%% toluene, 5°% benzene. 

© 100°% isooctane. 
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The Mooney viscosity can be adjusted during manufacture to the 
desired range since splitting of the disulphide groups occurs along the 
chain. 

Vulcanisation can be subsequently carried out with oxodising agents 
such as metallic oxides, peroxides, quinoid compounds, etc. 

By continuing the reduction in molecular weight, liquid polymers can 
be made from this class and are designated LP grades. 


12.2. Properties 
The important properties of polysulphide rubbers are solvent resistance 
and vapour impermeability. Typical solvent-, acid- and alkali-resistant 
properties are shown in Table 20, and permeability is compared with 
other elastomers in Tables 21 and 22. 

Generally, Type A has best solvent resistance followed by FA and ST. 
Properties of the LP grades after cure are similar to the ST solid types. 


TABLE 21 


COMPARISONS OF THIOKOL ST WITH STANDARD COMPOSITIONS OF VARIOUS SYN- 
THETICS IN SPECIFIC PERMEABILITY® IN SR-6 


Temperature ST: SBR Low nitrile High nitrile Chloroprene 


24°C 0-12 13-4 2-7 Lat 35 
38°C 0-19 15-4 SES) 1 41 
50°C 0:26 20:1 5:0 1 50 
65°C 0-37 ae 74 74 7:3 
80°C 0:53 Ail 10-7 2S 10-7 


“ Specific permeability (g)(cm)/(24 h)(m7) 


TABLE 22 


SPECIFIC PERMEABILITY? OF THIOKOL ST IN VARIOUS SOLVENTS AT VARIOUS TEMPERATURES 


Methyl Carbon Ethyl 
Temperature alcohol tetrachloride acetate SR-6 Benzene _ Diisobutylene 
242 0-03 0-28 1 0-12 36 0 
S85 0-07 0-43 1:3 0-19 4-6 0 
5026 0-16 0-7 1:8 0:26 6:1 0 
65.6 0:36 1:07 a> 0:37 8:7 0 
80°C 0:94 1-4 3-4 0:53 12:0 0:006 


4 Specific permeability (g)(cm)/(24 h)(m7) 
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Some additional physical properties are given in Table 23. Note that 
compression-set resistance and low-temperature flexibility improve as 
one moves from the A to FA to ST grades. Heat resistance varies but is 
normally confined to 100°C continuous use and intermittent up to 
150°C. The ST type is preferred. Some data have been reported’?° for 
oxygen-pressure resistance at 70°C where polysulphide rubber was 
unaffected. 


TABLE 23 


PHYSICAL PROPERTIES OF VARIOUS POLYSULPHIDE RUBBER COMPOUNDS 


my 


Polysulphide type Type A Type FA Type ST 
Tensile, MPa 54 8-6 8-6 
100°% Modulus, MPa 2:4 3-1 3-1 
‘200% Modulus, MPa Sel Ss 8-3 
Elongation, % 370 400 310 
Hardness, Shore A 78 71 70. q 
Compression-set resistance poor poor satisfactory 
Gas formation on milling yes no no 
Flexibility limit —18°C — 45°C — 50°C 


12.3. Compounding 
Typical compounds would contain 60 parts of SRF black but utilise 
different curing systems dependent on type of polymer, as explained 
previously. 

A Type FA polymer requires approximately 10 parts ‘of zinc oxide 
plus 0:3 MBTS and 0:1 DPG as chemical plasticisers. A Type ST poly- 
mer can be vulcanised with the following combinations: ~ 


1. 1-5 parts p-quinone dioxime, = 
0:5 parts zinc oxide, 
0-5-3 parts stearic acid; 

2. 1 part p-quinone dioxime, 
10 parts zinc chromate, 

1 part stearic acid; 

3. 6 parts zinc peroxide, 

1 part stearic acid. 


Zinc peroxide is used for non-staining compounds. A liquid polymer 
(LP) can be used up to 5% in order to soften a compound based on the 
ST type only, and will co-cure. 
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12.4. Applications 
The properties of polysulphide rubbers have established their use in fuel 
hose and tubing, binders for cork, putties and sealants, roll coverings, 
O-rings, gaskets and diaphragms. The use of these rubbers could well 
have been greater if it were not for the smell of fumes produced during 
processing. 

The ST grade is the only suitable polymer for O-rings and seals 
because it is the only type that exhibits satisfactory compression set. 

The liquid polymers are used, as expected, mainly as sealants and for 
impregnation or encapsulation. LP. 3 and 33 are low molecular weight; 
LP 2, 12 and 32 are medium; and LP’ 31 high. LP 2 can be converted to 
a solid rubber, without shrinkage, at room temperature, by the addition 
of 7-5 phr or more lead dioxide. 

Liquid polymers can also be dissolved in solvents such as dioxane or 
cyclohexane to produce solutions. 


15. PHOSPHONITRILIC FLUOROELASTOMERS 


Based on the inorganic rubber polydichlorophosphazene, pendent chlor- 
ine groups are replaced,by partially fluorinated alkoxy species to form a 
hydrolysis-resistant fluoroelastomer. Preparation was first reported in 
1968.17! 

A polymer with very high molecular weight (greater than 3 million) 
and broad molecular-weight distribution is available semi-commercially 
as PNF 200 and in black masterbatch form as PNF 230. Uncom- 
pounded polymer cost is high. 

Cl ae 
| 
a 5 ak =N 
| 


Cl OCH,(CF,),CF,H |, 
Inorganic PNF 
rubber 


Processing characteristics of the polymer reflect its abnormally low 
100°C Mooney viscosity of 14. PNF is solvent-resistant with a poten- 
tially wide operating temperature range (—50°C to +200°C). T, is 
—68°C, hence low-temperature properties similar to fluorosilicone may 
be expected in vulcanisates. Heat and fluid resistance and low- 
temperature properties of PNF have been compared with other oil- 
resistant elastomers.'?? 
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PNF may be conventionally compounded. Peroxide vulcanisation 
gives optimum heat ageing and compression-set resistance. Unlike 
organic elastomers, modulus, tensile. strength and elongation remain 
essentially constant over the range 100-200°C. Vulcanisate properties 
have been described.'?° . 

Expected applications for PNF include O-rings, seals and vibration 
dampers where low-temperature flexibility and fuel resistance are impor- 
tant. Good physical strength of PNF over a wide temperature range is 
an important plus over standard FVMQ, but relatively poor long-term 
strength retention above 175°C may limit its use in dynamic 
applications. ~» 22 


14. NITROSO AND CARBOXY NITROSO RUBBERS 


A class of fluorinated alternating copolymers of general structure as 


shown are termed ‘nitroso’ rubbers.'?+* . 


| 

Saeug )x 

Nitroso rubbers themselves are not readily crosslinkable. Of the many 
active termonomers investigated, the most successful is a nitroso acid 
HO,C(CF,),NO(x ="2, 3). Pendent carboxy groups from a few termon- 
omer units permit crosslinking. 

Carboxy nitroso rubber (CNR) is such a product. Development quan- 
tities of a liquid elastomer have become available.!?> 

A typical terpolymer composition is: 


pee oa —CF; N—O—CE; Gr. 
CF, 99 cer r = 
Coon 
Copolymer Crosslink site 
segment segment 


CNR can be crosslinked by metal oxides and amines, but organo- 
metallics such as chromium trifluroacetate provide the best balance of 
mechanical properties and chemical resistance. Silica-filled vulcanisate 
tensile strength is in the range 7-14 MPa, and good compression-set 
resistance can be achieved by an oven post-cure, typically 24 h at 175°C. 
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Processing, properties and potential applications of CNR have been 
reviewed.!7° 

Carboxy nitroso rubbers retain many desirable properties of nitroso 
elastomers, such as low-temperature flexibility down to —40°C and 
non-flammability, but there is susceptibility of the crosslinks to some 
solvents and aqueous alkalis, and thermal stability is limited possibly to 
190°C for continuous service. 

CNR is of interest in aerospace systems where nonflammability is 
mandatory. Spraying and dip coating can be used to flame-proof such 
items as electronic components and astronauts’ gloves. Potential in 
moulded goods includes O-rings, valve seats and expulsion bladders. 
Although permeable to N,O, rocket-fuel oxidiser at 75°C, CNR is re- 
sistant to it, unlike FKM or butyl rubber. 


15. CARBORANE-SILOXANE POLYMERS 


Dating from the early 1960s, these incorporate a carborane (B, oC2) 
nucleus in a polysiloxane chain to enhance thermal stability. A typical 
SiB-2 polymer comprises a repeating polymer unit of two dimethy] sil- 
oxyl groups and one m-carobrane moiety. The digit *2” specifies the 
number of siloxyl groups per carborane unit; SiB-3, 4, etc., have also 
been synthesised. 

re ie wir 

jase a ee te eer ee 


Cee CH, ©CH; : 
SiB-2 polymer 


Modified SiB polymers can be peroxide-cured. Press-cure times 
depend on the peroxide type. A post-cure of 24h at 150-250°C is 
normally required. 

Mechanical properties are considerably poorer than for most elast- 
omers, even when silica-reinforced (tensile strength 1-4-4-6 MPa). Metal 
oxide antioxidants (Fe,03) help prevent surface degradation during 
post-cure. 

Modified SiB polymers can retain useful elastomeric properties after 
12 days in air at 315°C.?” Anticipated service temperatures are as high 
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as 425°C. SiB-2 vulcanisates have high swell in aromatic and chlorinated 
solvents, and very low swell in alcohols.'?° 

Possible applications for these elastomers in the aerospace industry 
include sealants, gaskets, O-rings and wire and cable insulation. Electri- 
cal properties, particularly the low dielectric constant of specially filled 
vulcanisates, make them attractive insulants. Fluid resistance may need 
to be improved for use as fuel-tank sealants and fluid-system seals. 
Low-temperature flexibility of SiB-2 vulcanisates is likely to be 
satisfactory. 

Development quantities of SiB polymers are available in the USA as 
Dexsil®. 


16. NORBORNENE ELASTOMER (NORSOREX®) 


16.1. Chemistry . 
Announced in 1975!?? by Société Chemique des Charbonnages (CdF 
Chemie) this elastomer is prepared by breaking the norbornene ring to 
produce a cis—trans configuration having the necessary unsaturation to 
allow crosslinking to take place. 

~ The following reaction was proposed :!79 


~ 


(i) © | a Cy) norbornene 


cyclopentadiene ethylene 


ae 


® Dexsil is a registered trade name of Oliss Research Centre, Chemicals Div., 
Connecticut, USA. 


Norsorex is a registered trade name of CdF Chemie, France 


(ii) 
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16.2. Availability 


The polymer in its original form is produced as a fine powder having 
essentially thermoplastic properties and a second-order transition tem- 
perature of +35°C. Mooney plasticity at 100°C is 150, ML 4. However, 
a very high compatibility with aromatic and naphthenic oils allows 
compounds to be produced commercially in a wide range of plasticities 
down to approximately 40, ML 4, with a transition temperature of 
— 60°C. A 5,000-tonne-capacity plant was announced in 1975. 


16.3. Compounding ; 

These polymers are notable for their ability to accept very high levels of 
filler, oil and plasticiser. Vulcanisation can be carried out with conven- 
tional rubber-industry curing agents and accelerators although complex 
EV systems comprising TMTD, TeDEDC, DOTG, ETU, DEDPTDS 
(diethyl diphenyl thiuram disulphide) and dithiomorpholine in combina- 
tion are recommended. 


16.4. Properties 

The norbornene polymers have a useful range of properties including 
heat resistance to 100°C, ozone resistance if properly protected and 
reasonable low-temperature properties. 

Of particular note is the very high tensile strength obtainable, which 
is maintained even at a low hardness. For example, 10 MPa at a 
hardness of 18 Shore A is claimed.'*° 

Further, these polymers have good dampening properties over a wide 
temperature range showing almost constant results between 10°C and 
100°C. 


16.5. Applications 

These will include vibration dampening and highly filled sound- 
deadening parts for the auto industry. In addition, special low-hardness 
compounds for printing rolls and stereos can be envisaged. 


» 
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Chapter 3 


VULCANISATION SYSTEMS 


E. R. RODGER 
Monsanto Technical Center, Louvain-La-Neuve, Belgium 


SUMMARY 


The type of vulcanisation system used to cure the general-purpose and 
speciality rubbers largely determines the curing and performance charac- 
teristics of the chosen rubber. The most significant components varied in 
the vulcanisation system are the type and level of organic accelerator and 
level of elemental sulphur. The factors to be considered in the choice of 
sulphur/accelerator combinations and their influence on processing and 
curing characteristics and performance of the resultant vulcanisate are 
discussed. 

The structural changes and resultant performance benefits obtained by 
reduced elemental sulphur are detailed in terms of the semi-EV and EV 
concept. These systems give considerable benefits in improved oxidative- 
ageing resistance in natural and synthetic rubbers. 


CHEMICAL ABBREVIATIONS 
Accelerators : 
MBT 2-mercaptobenzothiazole 
MBTS _ dibenzothiazole disulphide 
ZMBT Zinc mercaptobenzothiazole 
TMTD  Tetramethylthiuram disulphide 
TMTM  Tetramethylthiuram monosulphide 
TETD _ Tetraethylthiuram disulphide 
DPTT _Dipentamethylenethiuram tetrasulphide 
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DPG _Diphenyl guanidine 

DOTG _ Di-o-tolyl guanidine 

ZDMC _§ Zinc dimethyldithiocarbamate 

ZDC Zinc diethyldithiocarbamate 

ZDBC Zinc dibutyldithiocarbamate 

ETU Ethylene thiourea 

TMTU  Tetramethylthiourea 

DETU Diethyl thiourea 

DBTU _ Dibuty] thiourea 

ZBDP Zinc dibutyl dithiophosphate 

ETPT _ Bis(diethylthiophosphoryl) trisulphide 

BDITD Bis(diisopropylthiophosphoryl) disulphide 

CBS N-cyclohexylbenzothiazole-2-sulphenamide 

TBBS __N-t-butylbenzothiazole-2-sulphenamide 

MBS N-morpholinothio-benzothiazole 

DCBS* N,N dicyclohexyl benzothiazole-2-sulphenamide 
OTOS _ N-oxydiethylenethiocarbamyl-N-oxydiethylene sulphenamide_ 
DTDM 4,4’ dithiodimorpholine 

ETPT _ Bis(diethyl thiophosphoryl) trisulphide 

DTBC N,N’-dithiobishexahydro-2,4-azepinone 

BDTM _ 2-benzothiazole dithio-N-morpholine 

Antidegradants 

6PPD = N--1,3dimethylbutyl-N’phenyl-p-phenylenediamine 
IPPD ___N-isopropyl-N’-phenyl-p-phenylenediamine 

TMQ polymerised 2,2,4-trimethyl-1,2-dihydroquinoline- 
Retarders - 

(04 8 & N-cyclohexylthiophthalimide 

NDPA __ N-nitrosodiphenylamine .¥ 


1. INTRODUCTION 


The vulcanisation system is the collection of additives required to vul- 
canise an elastomer, to transform essentially lineampolymer molecules into 
a three-dimensional network by the insertion of crosslinks. The basic 
objective in the development of a vulcanisation system is the production 
of crosslinks with required physical and chemical properties. Although 
most vulcanisation systems consist of only 0:5-5% by weight of the 
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compound, they play a major role in the attainment of required stan- 
dards of performance by the most economic means of production. The 
majority of systems in use involve the generation of sulphur-containing 
crosslinks, usually with elemental sulphur in combination with an 
organic accelerator. In recent years, the proportion of sulphur has 
tended to fall and the levels of accelerator and the use of sulphur donors 
increased to give great improvements in the thermal and oxidative stabil- 
ity of the vulcanisate. Other vulcanisation systems not involving sul- 
phur or sulphur donors are less commonly used and involve urethanes, 
peroxides, metal oxides and resins. 

In recent years the rate of introduction of new chemicals for vulcan- 
isation has tended to slow down, due in large part to increasingly strict 
environmental and health standards and the inevitable influence on 
development time scales and economics. This has tended to focus atten- 
tion in the rubber industry on the efficient utilisation of existing pro- 
ducts and exploiting the benefits of the most effective combinations. 


2. SULPHUR VULCANISATION 


Sulphur was the first agent used to vulcanise the first commercial elas- 
tomer, natural rubber (NR). Vulcanisation was achieved by mixing eight 
parts of sulphur per hundred parts (phr) of polymer and required 5 h at 
140°C. The addition of metallic oxides (zinc oxide 5 phr), fatty acid and 
finally organic accelerators (0-5-2 phr) completed the make-up of the 
modern vulcanisation system, giving cure times as low as 2-5 min. The 
consequent reduction in requirement for free sulphur (2-3 phr) 
produced substantial improvements in physical and performance 
characteristics. 

Accelerated sulphur vulcanisation is suitable for the following types of 
elastomers: 


1, General purpose 

(a) Natural rubber (NR) 

(b) Synthetic isoprene rubber (IR) 

(c) Polybutadiene rubber (BR) 

(d) Styrene/butadiene rubber (SBR) 
2. Speciality 

(a) Nitrile rubber (NBR) 

(b) Butyl rubber (IIR) 
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(c) Chloro-butyl rubber (CIIR) 
(d) Bromo-butyl rubber (BIIR) 
(ec) Ethylene/propylene/diene modified rubber (EPDM) 


The basic recipe for the vulcanisation system is 


Zinc oxide 2-10 phrt 

Stearic acid 1-4 

Sulphur 0-5-4 

Accelerator 0-5-10 
Zinc oxide and stearic acid comprise the common activator system 
where the zinc ions are made soluble by salt formation between the acid 
and the oxide. The part of the vulcanisation system that offers the most 
opportunity for variation is the sulphur level and type and level of 
’ organic accelerator. 


2.1. Mechanism of Sulphur Vulcanisation 
Accelerated sulphur vulcanisation is thought to proceed by the follow- 
ing steps:* 


\, 


1. The accelerator reacts with sulphur to give monomeric polysul- 
phides of the type Ac—S,—Ac, where Ac is an organic fragment 
derived from the accelerator. Certain initiating species. may be 
necessary to start the’ reaction, which then appears to be 
autocatalytic. 

2. The polysulphides can interact with rubber to give polymeric poly- 
sulphides of the type rubber—S, —Ac. During this reaction, the. 
formation of mercaptobenzothiazole (MBT) was observed when an 
accelerator derived from MBT had been used. When MBT itself is 
used, it first disappears, then appears during the formation of 
rubber polysulphides.? 

3. The rubber polysulphides then react, either directly or through a 
reactive intermediate, to give crosslinks or rubber polysulphides of 
the type rubber—S, —rubber. If a sulphenamide accelerator is 
used, the reaction can be represented as in Fig. 1. 


+ Concentrations given in parts per 100 parts of elastomer. 
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Fic. 1. Sulphur/sulphenamide vulcanisation. 
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Crosslinking in the presence of a sulphenamide accelerator does not 
start until virtually all the sulphenamide has reacted.* In the absence of 
accelerators, large amounts of sulphur are required to achieve a given 
state of cure and the rate of crosslinking is extremely slow. However, 
more subtle differences exist and work with model olefins suggests that 
in the case of accelerated sulphur vulcanisation, the sulphur attacks the 
rubber hydrocarbon almost exclusively at the allylic positions.* If no 
accelerator is used, most of the substitution is on other carbon atoms.° 
These observations suggest that the effectiveness of accelerators lies in 
the mobilisation of the allylic positions. 


“> 


2.2. Parameters of Vulcanisation 

The critical parameters in vulcanisation are the time before onset and 
_ the rate’ and extent to which it occurs. There must be sufficient delay 
(scorch time or processing safety) before the onset of vulcanisation to_ 
permit mixing, forming and moulding. Once vulcanisation starts, it 
should be rapid and its extent controlled. 


Cure Rate 


Reversion 


Torque 


Minimum 
Viscosity 


Time, Minutes 
Fic. 2. Rheometer curve. 


Scorch time is usually measured by the time at any given temperature 
required for the onset of crosslink formation as measured by a rapid 
increase in viscosity. The most common instrument used is the Mooney 
viscometer. This consists of a continuously rotating disc in a heated 
cavity which contains the test sample. The temperature is selected to be 
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a typical or average processing temperature (commonly 121°C or 
135°C). Extent and rate of vulcanisation are usually measured in cure 
meters which follow the resistance to motion of an oscillating rotor 
embedded in the test sample, held at a chosen temperature (140-190°C). 
These instruments follow cure from the initial phase through crosslink- 
ing to the fully cured stage.® The resistance to oscillation through a 
small degree of arc (1° or 3°) is measured and recorded as a function of 
time to give a characteristic cure curve for the individual test sample 
(Fig. 2). 

Although these instruments measure a viscoelastic rather than a fail- 
ure property of the vulcanisate, the final cured torque value can be 
related to modulus measured by tensile testing methods for individual 
formulations.’ 


é 


2.3. Effects of Vulcanisation on Vulcanisate Properties 

Major effects of vulcanisation® '° are illustrated by the representation 
in Fig. 3. It should be noted that the static modulus increases with 
vulcanisation to a greater extent than the dynamic modulus.'! The 
dynamic modulus is a composite of viscous and elastic responses, 
whereas the static modulus is a measure of the elastic component alone. 
Vulcanisation thus causes a shift from viscous or plastic behaviour to 
elasticity. 

Tear strength, fatigue life and toughness are related to the energy at 
break. These properties increase with small amounts of crosslinks but 
are reduced with increasing crosslink formation. Hysteresis diminishes 
with increasing crosslink formation and is a measure of the deformation 
energy that is not stored or borne by the network chains, but instead is 
converted to heat. Properties related to energy at break then increase 
with increases in the number of network chains and hysteresis; but since 
hysteresis decreases as more network chains are developed, the energy- 
to-break-related properties peak at some intermediate crosslink density. 

The properties of Fig. 3 are not functions of crosslink density alone 
but are also affected by the type of crosslink, the nature of the polymer, 
the type and amount of filler, etc. 

Reversion is a term applied to the loss of modulus by non-oxidative 
thermal ageing. It is usually associated with isoprene rubbers vulcanised 
by sulphur and can be the result of long vulcanisation or of hot ageing 
of thick sections. It is most severe at temperatures above 150°C in 
vulcanisates containing a large number of polysulphidic crosslinks (see 
Section 3). 


112 : E. R. RODGER 


TEAR STRENGTH, 
FATIGUE LIFE, 
TOUGHNESS 


HIGH SPEED 
foe aa MODULUS 


( 


VULCANISATE 
PROPERTIES 


\ 
HARDNESS 
TENSILE STRENGTH 


- 


HYSTERESIS, 
PERMANENT SET, . 
FRICTION COEF. 


fog 


: CROSSLINK DENSITY 


Fic.3. The effects of vulcanisation. 


3. CROSSLINK STRUCTURE 
Once the basic polmer has been selected, performance characteristics of 
the vulcanisate are determined principally by the amount and typeof 
crosslinks produced by the vulcanisation system. A detailed knowledge 
of the principal features of the crosslink structure and the factors which 
influence their generation is of practical relevance in designing vulcan- 
isation systems to meet performance and production criteria. 

Direct analysis of vulcanisates is extremely difficult due to their inso- 
lubility and other reasons. Nevertheless using a’ Variety of approaches, it 
has been possible to define in some detail the structure of vulcanised 
diene elastomers and in particular natural rubber. The use of chemical 
probes has enabled deductions to be made on the types and extent of 
crosslinks present, although they give only limited information on the posi- 
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tion of the crosslink junction point with the polymer chain. In general 
these methods involve the determination of the number of combined 
sulphur atoms per crosslink before and after treatment with probes 
which eliminate certain structures. Before treating the vulcanisate with a 
chemical probe, some initial information on the fate of the sulphur 
combined during vulcanisation may be obtained by calculating the 
Moore-Trego efficiency parameter E given by 


p= 2am atoms of total combined sulphur/gram rubber 
gram molecules of chemical crosslinks/gram rubber 


Some typical results'? are given in Table 1. These values indicate the 
inefficiency of sulphur usage in the unaccelerated sulphur system, where 
40-55 sulphur atoms are required for each crosslink formed and con- 
trast with the efficient usage of sulphur in the TMTD-accelerated system 
without free sulphur. Redetermination of E after treating the network 
with triphenylphosphine (which reduces all di- and polysulphidic cross- 
links to monosulphides) gives a second parameter E’. The value E’ — 1 
now represents the number of sulphur atoms combined in the network 
not involved in chemical crosslinks, i.e. roughly the number of gram 
atoms of sulphur involved in main-chain modifications. 


TABLE 1 


EFFICIENCY PARAMETER E 


Cure Range of 
Vulcanisation system temperature, °C E values 
Unaccelerated 
(NR 100, sulphur 6-10 phr) 140 40-55 
Sulphenamide-accelerated 
(NR 100, sulphur 2:5, CBS 0:6, 
zine oxide 5, lauric acid 0-7) 140 12-22 
Thiuram-accelerated—sulphurless 
(IR 100 ,TMTD 4-0, zinc oxide 4, 
lauric acid 1-5) 140 2:1-7-9 


The various structures now known to be present in a sulphur- 
vulcanised natural rubber network are shown in Fig. 4. 
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(a) (b) —(e) (d) (ey (i) (f) 


(K) 


“h) (i) (9) (I) 


Fic. 4. Network structure. a, Monosulphide crosslink C—S—C; b, disulphide~ 

crosslink C—S—S—C; c, polysulphide crosslink C—S, —C(3 < x < 6); d, par- 

allel vicinal crosslink C—S, —C(n=1 to 6); e, crosslinks attached to common or 

adjacent carbon atoms; f, intra-chain cyclic monosulphide; g, intra-chain cyclic 

disulphide; h, pendent sulphidic group terminated by accelerator fragment (X); 

i, conjugated diene; j, conjugated triene; k, extra-network material; 1, carbon- 
carbon crosslink (probably absent). 


~~ 


Whereas crosslinks a-e contribute to the strength and performance of 
the vulcanisate, the wasted sulphur in main-chain modifications (f-h) is 
believed to contribute to poor oxidative-ageing resistance. as do the 
conjugated dienes and trienes. As indicated in Table 2, the choice of type 
and level of accelerator and of sulphur level has a large influence on the. 
efficiency of sulphur usage in the network and also the type and distrib- 
ution of crosslinks. This is illustrated in Table 2 for an efficient system 
with no free sulphur and high total amount of accelerators and sulphur 
donor DTDM compared with a system with a conventional level of 
sulphur and low accelerator level. ; 

The distinctive features of an efficient vulcanisation (EV) system can 
be clearly seen. The proportion of short mono- and disulphide cross- 
links is high and that of polysulphides low. In terms of resistance to 
thermal ageing (reversion) this is beneficial, as the long polysulphidic 
crosslinks tend to rearrange after long cure times or at high tempera- 
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TABLE 2 


COMPARISON OF CROSSLINK STRUCTURES OF CONVENTIONALLY 
AND EFFICIENTLY VULCANISED NR? 


Conventional Efficient 
(sulphur 2:5, (DTDM 1-0, 
CBS 0:5) CBS 1.0, 
TMTD 1-0) 
Initial crosslink density 
QMj°? x10 iat a: 4:13 
*%% Monosulphidic 30 38-5 
%, Disulphidic 20 51:8 
% Polysulphidic 80 OT, 
E 10-6 35 
E’ A _ 60 3-0 
E’-1 5:0 20 


¢ Formulation: NR 100, zinc oxide 5, stearic acid 1. 
» (2M.) ‘= moles of chemical crosslinks per gram of rubber 
network. 


tures to shorter crosslinks but with a net loss in crosslink density (and 
hence modulus). The proportion of sulphur not involved in crosslinks 
(E’ — 1) is low and this generally leads to improved oxidative-ageing 
resistance. 

This work initially carried out in gum (unfilled) vulcanisates has since 
been shown to be applicable to black-filled compounds.'* Although the 
majority of the determinations of network structure have been carried 
out in natural rubber they do apply broadly to the other sulphur- 
vulcanisable elastomers. 


4. SELECTION OF VULCANISATION SYSTEM 


As discussed in previous sections, in the components of the vulcanisa- 
tion system—metal oxide, fatty acid, sulphur and accelerator—the 
degree of choice in the first three is generally a question of level for zinc 
oxide, stearic acid and elemental sulphur. For organic accelerators, there 
is an almost bewildering variety. 
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. Accelerators 

meat Rubber Journal published a list of Sa taki oy in production 
and use in 1973 giving 115 single products of known composition and 
38 blends and unspecified materials. They may, however, be classified 
into seven main groups according to their chemical composition and 
speed of vulcanisation (Table 3). With these accelerators or their com- 
binations it is possible to achieve almost any ee processing safety, 
cure time and modulus. 


. TABLE 3 


ACCELERATOR GROUPS 


Abbreviation Speed 
Guanidines DPG, DOTG slow 
Dithiocarbamates ZDMC, ZDC, ZDBC very fast 
Thiurams TMTD, TMT, TETD, DPTT very fast 
Thioureas ETU, TMTU, DETU, DBTU fast. _ 
Thiophosphates ZBDP, ETPT, BDITD semi-fast 
Thiazoles MBT, MBTS, ZMBT moderate 
Sulpkenamides CBS, TBBS, MBS, DCBS fast 


The features required of an ideal accelerator can be summarised as 


~ 


1. fast cure; 

2. high activity (crosslinking efficiency); ee 

3, soluble in rubber (no bloom, good dispersion); a 
4. delayed action (good processing safety); a 

5 


good storage stability (as 100°, material and compounded); 
. flat plateau (no reversion—particularly in NR); 

. effective over a wide range of temperatures: 

. compatible with other ingredients; 

. no safety or handling problems; 

10. no side effects on other properties (ageing, adhesion, etc. ) 


~ 


JN 


oH 


The accelerators which have the widest application worldwide and are 
produced in the greatest volume are the thiazoles and sulphenamides. 
Of these, sulphenamides have the greatest range due in large part to the 
combination of fast cure, good processing safety, high activity and 
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100 ZDC MBT MBTS CBS MBS DCBS 
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Fic. 5. Effect of cure system on scorch time. Formulation: NR 100, N330 50, 
processing oil 8, Zinc oxide 5, stearic acid 2, 6PPD 2, sulphur 2:5. 


solubility. The thiazoles, however, confer slightly greater resistance to 
thermal and oxidative ageing to the vulcanisate. Basic processing and 
curing characteristics are compared in Figs. 5 and 6 for three sulphena- 
mides (CBS, MBS, DCBS), a thiazole (MBTS) and dithiocarbamate 
(ZDC) in a 100 NR formulation. 


4.2. Recent Accelerator Developments 
There have been relatively few products developed in recent years out- 
side the groups in Table 3. One significant new group has been the 
triazine accelerators'* (e.g. bis(2-ethylamine-4-diethylaminotriazine-6- 
yl)). These products,have a higher efficiency than existing accelerators 
and give good processing safety with fast rates of cure. Lower loadings 
are possible than used with the sulphenamides. They do, however, 
normally require activation to be most effective and have not been 
adopted to any great extent. 

Solubility problems associated with thiuram accelerators normally 
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Fic. 6. Effect of cure system on cure characteristics. Rheometer at 140°C. 


ETON ALO NR 100, N330 50, processing oil 8, zinc oxide 5, stearic acid 2, 
6PPD 2, sulphur 2:5. 


used in EPDM and its blends with NBR and SBR led to the proposed 
use of long-chain hydrocarbon-substituted accelerators, in particular 
bisdodecyl- and bisoctadecylisopropylthiuram disulphides.'? 

A recent development!® in sulphenamide accelerators has been that of 
the thiocarbamy] sulphenamides such as N-oxydiethylenethiocarbamyl- 
N-oxydiethylene sulphenamide (OTOS). This has good processing 
safety, a fast cure and high modulus development but can give NR 
vulcanisates with inferior oxidative-ageing resistance to CBS or 
TBBS. 


Two additional components of the vulcanisation system which should 
also be considered are sulphur donors and retarders. 


4.3. Sulphur Donors 
In Section 3 it was seen that reductions in free sulphur coupled with 
increasing accelerator level gave vulcanisates with essentially mono- and 
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disulphidic crosslinks. This was coupled with an efficient usage of sul- 
phur in the network and a low degree of main-chain modifications. 
Progressive reductions in free sulphur require increases in accelerator 
level if modulus and other properties are to be maintained. When sul- 
phur is reduced to low levels (below 0-5 phr) it is not possible to match 
modulus simply by increasing accelerator, unless the accelerator is of a 
type which can donate sulphur for crosslinks. A number of accelerators 
(TMTD, TETD, DPTT, BDTM, ZBDP) can function both as accelera- 
tors and sulphur donors. A number of other products are able to donate 
sulphur but do not function as accelerators and must always be used in 
conjunction with an accelerator (DTDM, ETPT, DTBC). Structures for 
the two most common sulphur donors are shown below. 


| 


AS aH Ve 


FCs 5 GN 


TMTD (sulphur donor/accelerator) 
CH,—CH, reece 
O N—5-—S—N O 
x Ze XS is 
CH,—CH, CH,——CH 


DTDM (sulphur donor) 


In systems that contain approximately 0-5 phr of free sulphur or 
more, increasing the level of accelerator will enable modulus to be main- 
tained with moderate levels of accelerator. Below 0:5 phr sulphur, mod- 
ulus is less responsive to accelerator level. This is illustrated for NR in 
Fig. 7. . 

Geely sulphur donors are used where the free-sulphur level is 
reduced with the objective of improving thermal and oxidative-ageing 
resistance. There are, however, cases where it is required to lower the 
sulphur level in a compound to eliminate the possibility of bloom. Sul- 
phur donors can also be used to modify processing and curing charac- 
teristics as seen in Table 4 for DTDM in black-filled NR. 
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Fic. 7. Sulphur/accelerator levels for equal modulus in 100 NR. 


TABLE 4 


EFFECT OF DTDM ON PROCESSING AND CURE CHARACTERISTICS IN NR 


MBS nea 0-6 06°) aa 
MBTS = =: 0-9 0-9 
DTDM = DG eRe 0-6 
Sulphur 5 1S) 25 15 
Processing characteristics, Mooney at 121°C, + 

scorch time ts (min) 24 39 14 2075 
Curing characteristics, rheometer at 153°C 

Cure time too (min) 32 32 2425) 920 

Maximum modulus (in Ib) 64 64 58 58 


4.4. Retarders 

Retarders have been a useful addition to the vulcanisation system for 
many years as a short-term solution to scorch problems. They are added 
to the formulation specifically to obtain longer processing safety to 
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avoid premature cure in factory processing. Two principle types are 
available: 


1. acids—phthalic anhydride, salicylic acid, benzoic acid; 
2. nitroso compounds—N-nitrosodiphenylamine (NDPA). 


Retarders, where required, are added at 0:5-2-0 phr; however, the acidic 
types in particular can have side effects in slowing down rate of cure and 
modifying modulus. 

The development of prevulcanisation inhibitors in 1970 solved most 
of the problems associated with the existing retarders. The most widely 
used product in this class—N-cyclohexylthiophthalimide (CTP)(Fig. 8)— 
increases processing safety by an amount directly proportional to the 
quantity added, with minimal effects on curing or physical properties 
and performance characteristics. According to Leib et al.,'’ CTP 
scavenges MBT which is an autocatalyst for the breakdown of the 
accelerator to form cyclohexyldithiobenzothiazole (CDB) and phthali- 
mide. es 


Fic. 8. CTP structure. 


The main applications of prevulcanisation inhibitors have been in the 
following areas:'®:!° 


. Improved mixing efficiency—single, two-stage and continuous. 
. Improved storage stability of mixed compounds. 

. Elimination of short-term processing problems. 

. Replacement of conventional retarders. 

. Processing with scorch-reducing additives. 

. Increased calendering/extrusion rates. 

. Reduction of cure times. 

. Improved bonding to brassed steel wire. 

. Recovery of partly scorched compounds. 

. Improved mould flow with thick sections. 
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5. COMPOUNDING WITH ACCELERATORS 


As pointed out in Section 4.1, the use of existing accelerators alone or in 
combinations enables almost any required level of processing and curing 
characteristics to be achieved. Indications of starting point vulcanisation 
systems for black-filled NR, SBR, NBR, IIR and EPDM are given in 
Table 5. 


TABLE 5 


CONVENTIONAL VULCANISATION SYSTEMS 


Polymer 
NR SBR NBR IIR EPDM 


Sulphur 25 2-0 iS 2-0 1-5 


Zinc oxide 5-0 50 5-0 3-0 5-0 
Stearic acid 2-0 20 1-0 20 5s: ee 5 
TBBS 0-6 10 == — — 
MBTS _ — 1-0 0-5 ae 
MBT — — — — 1S 
TMTD = — 0-1 1-0 0-5 


These ‘conventional’ vulcanisation systems are all based on normal 
Sulphur levels for the respective polymers and are meant as an indicator 
for comparative purposes only. The individual vulcanisation system for 
a particular application will be designed to achieve required processing 
and curing characteristics and is specific to a given polymer/filler system 
and is affected by changes in other compounding ingredients such as 
processing oils, antidegradants, etc. 

For a given single accelerator, substantial variations in processing and 
curing characteristics can be achieved by changing the ratio of accelera- 
tor to sulphur (Fig. 9, Table 6) with constant modulus. With NR 
(Fig. 9), simply changing the curing system from 0-6 MBS/2°5 sulphur to 
2:0 MBS/1:2 sulphur gives a 15-min increase in scorch time with the 
advantage of a shorter cure time. However, éven when there is a single 
primary accelerator this approach is not predictable as it can not be 
applied to all polymers. With SBR,*° for example, the advantages of the 
high accelerator/low sulphur system are not as pronounced as with NR; 
although cure time is reduced, processing safety is also reduced 
(Table 6). The low response of modulus to increasing sulphenamide and 
the increase in cure time at low sulphur level is particularly marked. 
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Fic. 9. Effect of accelerator level on scorch and cure characteristics in NR. 
—Mooney scorch at 121°C;—-—-too at 141°C. 


Increasing accelerator level at a fixed level of sulphur will also modify 
curing characteristics (Table 7), as well as increasing modulus. In this 
case cure time is progressively reduced with practically no change in 
processing safety. 


TABLE 6 


INCREASING ACCELERATOR IN SBR? 


Sulphur 2:0 15 10 eee 27.5 
TBBS 1-0 6" 5:255 525 
Processing characteristics, Mooney at 135°C, 

scorch time t; (min) 28 27 23 22 
Curing characteristics, rheometer at 153°C 

Maximum modulus (in 1b) 82 80 80 81 

Cure time too (min) Lo LO 19 24 


* Formulation: SBR-1500 100, N330 50, high aromatic oil 8, zinc oxide 4, 
stearic acid 2. 
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TABLE 7 


EFFECT OF ACCELERATOR LEVEL ON SCORCH AND 
CURE CHARACTERISTICS IN NR’ 


Sulphur ZS 25 25 DES 
MBS 0-5 O75 21-0 1725) 
Processing characteristics, Mooney at 121°C, 

scorch time t,o (min) 32. 32 34 32 


Curing characteristics, rheometer at 141°C 
Cure time fgo (min) 34 26 19 18 


: Formulation: NR 100, HAF 45, processing oil 3-5, zinc oxide 5, stearic acid 2, 
TMQ 1.0. 


Fast-curing accelerators (thiurams, dithiocarbamates, etc.) are 

~scommonly used to achieve faster cure times than is possible with single 

accelerators whilst maintaining a required degree of processing 
safety.2‘~*3 An example is shown in Fig. 10. 


60 


Rheograph 160°C 
50 
40 
TORQUE 
i 30 
(in |b) 
Zz “3 
° TBBS Gis. Iaoas 
TMTD - 0.2 Orz 
Gir - = 0.5 
Sulphur 2.0 2.0 20 
10 i 
0 pee en aes ate ae ee eS ae eels A 
0 2 10 15 20 
MINUTES 


Fic. 10. Activation with TMTD in SBR. 
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The increase in modulus due to the addition of the fast-curing acceler- 
ator can be compensated for by reducing the level of primary acceler- 
ator if equal modulus is required. Cure time is reduced (system 2) but 
usually with a reduction in processing safety. To maintain the same 
processing safety, the addition of a retarder or prevulcanisation inhibi- 
tor (in this case CTP) is required. The resulting activated sulphenamide 
system with the addition of CTP (system 3) will enable processing safety 
to be maintained or even increased whilst still achieving a shorter cure 
time. 

A further example of the use of accelerator combinations to achieve 
optimum processing and curing characteristics is shown in Table 8. An 
activated sulphenamide system can replace a thiazole system with lower 
total accelerator and faster cure time while matching physical properties 
and processing safety. 


TABLE 8 


COMPARISON OF ACTIVATED SULPHENAMIDE WiTH 
THIAZOLE IN NR/SBR 


Sulphur IS 25 
MBT 0-6 ae 
MBTS 0-9 zie 
MBS — 0-6 
TMTD — 0:3 
Processing characteristics, Mooney at 135°C, 

scorch time ts (min) 9-0 95 
Curing characteristics, rheometer at 160°C, 

Optimum cure time tgo (min) 61 4:4 
Physical properties 

Tensile strength (kgcm 7) 132 131 

300% Modulus (kgcm ”) 132 130 

Elongation at break (°%) 300 310 


de 


6. EV AND SEMI-EV SYSTEMS 


The terms efficient and inefficient have been outlined earlier in terms of 
the usage of sulphur in the vulcanised network. The terms EV (efficient 
vulcanisate or efficient vulcanisation) and inefficient, or conventional, 
represent two extremes. At one extreme, the EV uses a low or even zero 
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level of sulphur, a high level of accelerator- and possibly a sulphur 
donor. In NR the resultant vulcanisate has a high proportion of mono- 
and disulphide crosslinks and a low degree of main-chain modifications 
giving high resistance to thermal and oxidative ageing. The conventional 
(for NR) system has a high proportion of main-chain modifications. In 
NR this gives poor resistance to thermal and oxidative ageing. 

The term EV is similarly applicable to other sulphur-vulcanisable 
polymers. However, except for SBR?*?> and to some extent NBR,7° 
there is little information available on the structure of their vulcanisates. 
For SBR, structural determinations show that even the conventional 
system has a high proportion of monosulphide crosslinks (Table 9). The 
thermally labile polysulphide crosslinks are present to a very low extent 
in SBR EV systems compared with the more stable monosulphides. 


TABLE 9 


CROSSLINK DISTRIBUTIONS FOR NR AND SBR 


Crosslink type (°%) 


NR SBR 


Vulcanisation system S; S,+ 8, S; S,+ 8, 


Conventional* 0 100 38 62 
Ev? 46 54 86 14 


* Conventional for NR» sulphur 2:5, MBS 0-6; conventional fer 
SBR: sulphur 2:0, CBS 1-0. 

> EV for NR: CBS 1:5, DTDM 1:5, TMTD 1-0; EV for. SBR: 
CBS 1:5, DTDM 2:0, TMTD 0:5. 


A further difference between NR and SBR and the other synthetic 
polymers is in the mechanism of oxidative ageing and lack of reversion. 
In SBR, oxidative ageing causes little main-chain scission (main 
mechanism of oxidation in NR) but a high degree of additional 
crosslinking?*:*” resulting in increased modulus and hardness and 
reduced elongation at break. These oxidatively induced crosslink 
changes have been followed by evaluations in SBR-filled vulcanisates as 
in NR. In addition to the sulphur-containing crosslinks found in NR, a 
further non-sulphidic crosslink has been detected in SBR, referred to in 
Fig. 11 as —X—, the exact nature of which is unclear but which in- 
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0 


DAYS at 110°C 


Fic. 11. Crosslink density v. ageing time in conventional SBR. Sulphur 2:0, CBS 
1:2. Crosslink density = (2M.Phys)' x 10°; M.Phys = number average 
molecular weight of network chains between effective crosslinks. 


creases with oxidative ageing. The proportions of crosslinks of each type 
were determined by measurements of crosslink density before and after 
treatment with chemical probes. These probes selectively cleave specific 
types of crosslinks: 


S, + S, (di- and polysulphides)}—hexane-1-thiol. 
S, + S, + S, (mono- di- and polysulphides)—methy] iodide. 


Substantial improvements in oxidative-ageing resistance can be ob- 
tained with EV systems in synthetic polymers. The behaviour of a sul- 
phurless EV SBR during oxidative ageing”®° is shown in Fig. 12. 

The substantial reduction in non-sulphidic crosslinks found in EV- 
cured SBR is reflected in the reduced modulus increases during ageing 
(Fig. 13). 

A further difference in EV systems between NR and the synthetic 
polymers is the behaviour of fatigue life’*:?®-7° as the level of sulphur in 
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Fic. 12. Crosslink density v. ageing time—efficient system SBR. DTDM 2, CBS 
1°52 TMTD 0:5: 


the. vulcanisation system is reduced (Fig. 14). In the synthetic polymers 
a reduction is not observed; on the contrary, in many cases, EV systems 
with reduced or no élemental sulphur give significantly higher fatigue 
lives than conventional systems. 


— 


~ 7. 
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50 


0 ] 2 3 4 2) 6 7 
Days Ageing at 85°C 
Fic. 13. Marching modulus in SBR. 
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FATIGUE LIFE 70 
ke at 10 kg/cm 


Strain-Energy 60 
50 
* Conventional 2.5 Sulphur/0.6 Sulphenamide 
40 
30 
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phr Sulphur + Accelerator 


Fic. 14. Fatigue life (measured by extension) in NR—unaged. 


Semi-EV systems. The term ‘semi-EV’ has been applied to vulcanisa- 
tion systems with sulphur levels intermediate between the conventional 
and EV. Such semi-EV systems are used widely for compromises in 
costs and/or performance. There is, however, no unique level of acceler- 
ator and sulphur contents making the transition from a conventional 
system to a semi-EV or from a semi-EV to an EV. The semi-EV system 
has found particular application in NR where there is a need to compro- 
mise between improvements in thermal and oxidative ageing and 
decreasing fatigue life as sulphur level is reduced. Examples of semi-EV 
vulcanisation systems are given for NR and SBR_ based on 
sulphur/sulphenamide in Table 10 with all systems designed to give 
equal cured modulus. 


» 
6.1. Compounding and Performance of EV and Semi-EV Systems 
EV and semi-EV systems are used principally to obtain improvements 
in oxidative-ageing resistance (and in NR also reversion resistance); 
however, other benefits are also obtained such as reduced compression 
set. The greatest resistance to oxidative ageing and lowest compression 
set is obtained with peroxide-cured vulcanisates (e.g. dicumyl peroxide). 
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TABLE 10 


CURING SYSTEM FOR EQUAL MODULUS 


Conventional Semi-EV EV 


in NR 
Sulphur ao 1S 0-5 
Sulphenamide 0-6 1-5 5-0 
in SBR 
Sulphur 20 i 0-75 
Sulphenamide 10 Dies, 70 


However, their application is strictly limited due to numerous 
drawbacks—inflexible processing safety, odour and generally poor in- 
“jtial vulcanisate properties in addition to their high cost and the neces- 
sity for careful storage. , 

A more detailed discussion of the semi-EV and EV systems used in 
the major sulphur-vulcanisable polymers and the benefits in perform- 
ance obtained is given in the following sections. 


6.11. EV and Semi-EV Systems in Natural Rubber 

As discussed previously the reduction in fatigue life in NR as elemental 
sulphur level in the Vulcanisation system is reduced led to interest in 
semi-EV systems, in particular for applications where fatigue resistance 
is critical (e.g. tyres). Semi-EV systems in NR usually contain ,approxi- 
mately 1-5 phr sulphur with either increased level of accelerator or a 
sulphur donor'? (Table 11). In this case both routes to~the semi-EV 
system give similar longer processing safety than the conventional with 
shorter cure times. The use of higher accelerator only, however, tends:to 
give poorer stability on storage. Relative performance on ageing and 
reversion resistance is shown, in Table 12. Both semi-EV systems give 
comparable improvements in reversion and ageing resistance after 
overcure. 

Exactly the same principles apply to semi- and fully efficient vulcanis- 
ing systems based on either DTDM or higlr aécelerator where final 
curing characteristics and ultimate ageing performance is governed to 
some extent by the choice of primary accelerator (thiazole or sulphen- 
amide). This is illustrated in Table 13. In both conventional and semi-EV 
systems the use of MBTS gives a shorter scorch time with a concomitant 
reduction in cure time. Physical properties are given in Table 14. Physi- 
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TABLE 11 


SEMI-EV SYSTEMS IN NR? 


Conventional 

Sulphur 2°5 
MBS 0-6 
DTDM _ 
Processing characteristics 

Mooney at 121°C, 

scorch time ts (min) “27h 
Curing characteristics 

rheometer at 141°C 

Optimum cure time tg, (min) ee) 

Maximum modulus (in Ib) 69 


Sulphur 
donor 


35 


21 
67 


31 


High 
accelerator 


LS 
AS 
32 


19 
68 


* Formulation: NR 100: N330 50; zinc oxide 5; stearic acid 2; processing oil 3; 


TMQ 1:0; IPPD 1-0. 


TABLE. 12 


EFFECT OF CURING SYSTEM ON OVERCURE IN NR 


High 
Conventional accelerator 

MBS 0-6 15 
DTDM _ 
Sulphur 2: 1-5 
Physical properties—optimum cure at 140°C 

Tensile strength (kgcm 7) 254 263 

300°% Modulus (kgcm ”) 148 157 
Physical properties—220-min cure at 140°C 

Tensile strength (kgcm *) 216 248 

300% Modulus (kgcm“*) 121 149 
Aged 10 days at 85°C—after 220-min cure at 140°C 

Tensile strength (kgcm 7) 170 222 


ll 


cal properties are essentially the same but there is a slight but consistent 
advantage in reversion resistance for the two MBTS-based systems. 
These systems are equally applicable in blends of NR with BR, IR or 


SBR.*° 


132 E. R. RODGER 


TABLE 13 


PROCESSING AND CURING CHARACTERISTICS OF MBTS v. MBS IN NR sEMI-EV 


Conventional Semi-EV 

MBS a= 0-6 oe 0-6 
MBTS 0-9 — 0-9 — 
DTDM a o 0-6 0-6 
Sulphur 25 ae je 1:5 
Processing characteristics, 

Mooney at 121°C, 

scorch time ts (min) 14 24 20 39 
Curing characteristics, 

rheometer at 141°C 

too (min) = 24 32 20 32 

Maximum modulus (in Ib) 70 77 81 78 

TABLE 14 


PHYSICAL PROPERTIES OF MBTS v. MBS IN NR SEMI-EV 


Conventional Semi-EV 
* MBS >: — 0-6 — 0-6 

MBTS 0-9 — 0-9 — 
DTDM _ — _ 0-6 0-6 
Sulphur 2:5 2:5 “]-52, 13 
Physical properties—optimum 

at 140°C 

Tensile strength (kgcm ”) 208 208 212: eeu 

300°% Modulus (kgcm 7) 200 181 198  200& 

Elongation at break (°%) 310 350 350 350 
Cured 220 min at 140°C, 

retention tensile strength, °% 86 82 93° 90 


Whilst both semi-EV systems give comparable ageing properties, 
those based on DTDM have superior initial fatigue resistance, and show 
a good retention of this property on ageing (Fig. 15). 

The semi-Ev systems give good processing and cure properties, long- 
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Fic. 15. Semi-EV systems—aged fatigue in NR (fatigue life measured by 
extension). 


est scorch being given by the sulphur donor system and fastest cure by 
the high accelerator system. Where maximum resistance to reversion 
and ageing is required, and dynamic properties are of less importance, 
in, for example, steam hose, heat-resistant cables and high-temperature- 
cured mechanicals, the fully efficient systems are used.2°3! Properties 
for a semi-EV and EV system are compared in Table 15. 

Properties for alternative EV systems are given in Tables 16 and 17. 

The influence of curing temperature on physical properties for con- 
ventional and fully efficient curing systems is shown in Fig. t6. Whilst 
the full EV compound does suffer some fall in tensile strength as the 
cure temperature approaches 200°C, it is clearly much superior to the 
conventional. 

Figure 17 summarises the relative performances of the conventional 
with semi-EV and full EV systems based on DTDM or high accelerator 
in natural rubber. 

Further improvements in the properties of EV systems have| been 
found when soluble compounding ingredients are used such as MBS 
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TABLE 15 


AGEING AND REVERSION RESISTANCE IN SEMI-EV AND EV NR 


Conventional Semi-EV Full EV 


MBS 0-6 06 10 
DTDM —= 0-6 10 
TMTD a a 1-0 
Sulphur 2-5 1:5 = 
Physical properties at optimum cure 

Tensile strength (kgcm~ ”) 182 172 185 

300% Modulus (kgcm ”) 139 134 140 

Elongation at break (°%) 400 400 400 
Compression set ASTM D 395 

22 h at 70°C * 35 27 15 

~ Aged 10 days at 90°C, 
retention tensile strength, % 40 75 88 
. TABLE 16 


REVERSION RESISTANCE IN NR EV 


High Sulphur 
Conventional accelerator «= dgnor 
MBS 0:5 3-0 eds 
TMTM — 0-6 — 
TMTD — _ He | 
DTDM =— eee 1:1 «& 
Sulphur 2:5 0:5 fit 


Cured 2 min at 200°C, 
retention tensile strength ; 
(of 140°C value), % 40 85 77 


Cured 15 min at 200°C, 
retention tensile strength 
(of 140°C value), % 29 76 72 


a 
Longest scorch safety is given with the high accelerator/low sulphur combin- 
ation (see Table 17). 
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TABLE 17 


PROCESSING AND CURING CHARACTERISTICS IN NR EV 


High Sulphur 
Conventional accelerator donor 

MBS 0-5 3-0 1-1 
TMTM — 0-6 — 
TMTD a aos. 1-1 
DTDM i= = 11 
Sulphur 2-5 0:5 is 
Processing characteristics, 

Mooney at 121°C, 

scorch time t; (min) 33 38 21 
Curing characteristics, 

rheometer at 140°C 

too (min) 3h 30 26 

too — f2 (min). 4 21 14 18 


Scorch safety of the sulphur donor system can be increased by reducing the 
level of TMTD or TMTM and increasing DTDM or MBS. 


Ideal System 


Full EV System 


% RETENTION 
TENSILE 50 
STRENGTH 


Conventional 
System 


140 170 
CURING TEMPERATURE, °C 


Fic. 16. Effect of curing temperature on tensile strength for NR at optimum 
cure. 


200 
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Fic. 17. Summary of properties for conventional, EV and semi-EV curing 
systems in NR. 


rather than other sulphenamides, butyl thiurams rather than methyl! 
thiurams, lauric acid rather than stearic acid and sulphur levels of maxi- 
mum 0:5 phr.??"33 


6.1.2. EV and Semi-EV Systems in SBR 

In SBR, reductions in elemental sulphur do not.reduce fatigue life as in 
NR; thus the benefits of improved ageing resistance can be achieved 
without compromising fatigue resistance (Table 18). Semi-EV systems 
are, however, used in SBR due to the need to compromise on costs, as at 
low sulphur levels the required accelerator levels are high (Table 10). 
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TABLE 18 


FATIGUE LIFE AT 100% sTRAIN?* IN SBR AND NR 


ke to failure 


NR SBR 


Conventional 44:5 400 
EV 18-0 450 


As seen from the crosslink distribution given in Table 9, a so-called 
NR EV network has apparently a similar crosslink type distribution to a 
conventional SBR network. The use of the term EV in SBR does not 
therefore imply the same crosslink network as when the term is applied 
in NR, although both imply a low sulphur level (from 0 phr to approxi- 
mately 0-75 phr). 

Oxidative ageing of conventional-cured SBR results in dramatic in- 
creases in both hardness and modulus with corresponding reduction in 
elongation at break. In SBR, the EV and semi-EV curing systems result 
in lower aged modulus and hardness, better retention of elongation at 
break and general overall improvements in compression set and heat 
build-up.?*-7 7-34.35 

Essentially the same approach is used in SBR as in NR to match 
modulus as elemental sulphur level is reduced. Accelerator levels are, 
however, higher. It is possible to reduce these by the use of activators 
(see Table 19). 


TABLE 19 


EFFICIENT VULCANISING SYSTEMS IN SBR? 


Curing systems Conventional Semi-EV Full EV 

CBS 2 Zyn 10 7-0 40 12 
DTDM 2 ~ — 10 —- — 12 
TMTM — — = — 1:0 — 
TMTD — —_ = — — 1324 
Sulphur 2:0 Pde 912 OJ ae Osos See 


“ Belting compound: SBR-1712 137-5, HAF black 50-0, zinc oxide 5-0, stearic 
acid 1-0. 
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For semi-EVs high accelerator/low sulphur levels are more economi- 
cal than using DTDM. However, the converse is true in the case of full 


EVs. The increase in ageing resistance obtained with semi-EV systems is 


not as marked as in NR. As can be seen in Table 20, the two semi-EVs 


do reduce marching modulus but by a relatively small amount. 


REDUCTION OF MARCHING MODULUS FOR SEMI-EV IN SBR 


CBS» 


TABLE 20 


Conventional 


1:2 

DTDM — 

Sulphur 2:0 

~ Original 200% modulus (kg cm ~?) 70 
Aged 6 days at 85°C, 

increase in 200% modulus (%) 120 


Table 21 compares fatigue properties of the semi-EVs with the con- 
ventional control. There is a tendency for initial fatigue resistance to 
improve with cure efficiency in contrast to NR. Aged fatigue properties 


are also improved as expected. 


FATIGUE PERFORMANCE OF SEMI-EV IN SBR 


Semi-EV 
2-5 1-0 
= 1-0 
1:2 1:2 
67 66 
90 100 


TABEE 2 


Conventional 


CBS 
DTDM 
Sulphur 


Fatigue life—80°% extension 
kc\ to failure 


Aged 3 days at 85°C, 
fatigue life—80°% extension, 
ke to failure 


61 


Semi-EV tas 
25 1:0 
— 1:0 
i392 1:2 
275 416 

81 Lh? 


~ 
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The improvement in ageing properties when full EV systems are 
employed can clearly be seen in Table 22. Fatigue properties, both 
unaged and aged, are superior to the conventional compound. This is in 
complete contrast to NR where the full EV systems give very poor 
fatigue properties. 


TABLE, 22 


PROPERTIES OF FULL EV SYSTEMS IN SBR 


~ Conventional Full EV 

MBS ile 70 12 
TMTD — — 1-2 
DTDM d oo — 1-2 
Sulphur 2-0 0:75 — 
Aged 10 days at 90°C, 

% increase 300% modulus 115 65 60 
Compression set, 

22 hiat 70° Gx % 18 11 11 
Fatigue—75% extension 

Unaged—kc 645 750 800 

Aged—kc 192 445 400 


Semi-EV systems give similar processing properties to the conven- 
tional, but with faster rates of cure. Scorch times for the full EVs are 
lower than the control, particularly so for the DTDM system. It is, 
however, possible to adjust scorch properties by using lower levels of 
activator and increasing sulphenamide or DTDM levels (Table 23). 

The overall benefits in oxidative-ageing resistance produced by reduc- 
ing sulphur in SBR are substantial. The choice for a particular applica- 
tion depends on a»combination of factors including processing and 
curing characteristics, cost and level of performance required. The 
semi-EV system with about 1-0 phr elemental sulphur gives a good bal- 
ance of aged and unaged properties with excellent curing characteristics. 
For the greatest improvements in oxidation resistance, however, a sul- 
phurless system is required. The level of thiuram should, however, be 
kept to a minimum due to the potentially deleterious effect on 
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TABLE 23 


PROCESSING AND CURING CHARACTERISTICS 


Conventional Semi-EV Full EV 

CBS 1:0 25) 1-0 10" 24:07 2 
DTDM — — 10 — — 12 
TMTM — 10 — 
TMTD — 1-2 
Sulphur 2:0 ile i fens 0-75 075 — 
Processing characteristics, 

Mooney at-135°C, 

scorch time ts (min) 22 17 20 19. -152 100 
Curing characteristics, 

rheometer at‘153°C, 

tog — tz (min) 12:6 76 9:3 8 70 10-0 


fatigue.2° The exact reasons for this are not clear but there are 
references**?’ to agglomeration of compounded ingredients as a cause 
of cracking due to their serving as flaw initiation points. 


6.1.3. EV and Semi-EV Systems in NBR 

EV ‘systems have been used for some time in NBR to obtain good 
ageing resistance and in particular for oil seals and similar compounds, 
low compression set. A comparison of conventional and EV systems in 
NBR°® is shown in Table 24. 


— 


‘ A m= 
TABLE 24 
CONVENTIONAL AND EV SYSTEMS IN NBR ; 
Conventional EV “x 

MC Sulphur IES 0:5 0-25 = 
TMTD 0-1 1:0 2°5 40 
MBTS 1-0 0-5 1:5 1:0 
Compression set, : 

DINK NCO 9 35! 37) Sips 24 23 
Retained elongation at break, 

Aged 70 h at 100°C, % 53 58 74 70 


Bloom none slight medium heavy 
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As in SBR, oxidative-ageing resistance progressively improves with 
lower elemental sulphur; fatigue life is unaffected. The sulphurless high- 
TMTD EV system has been used widely in NBR but gives problems due 
to low processing safety and problems with the heavy crystalline bloom 
on the surface of cured and uncured compounds. Processing safety can 
be increased and bloom problems minimised by reductions in TMTD 
level and substitution by a sulphenamide or sulphur donor (Table 25). 


TABLE 25 
EV sySTEMS IN NBR 


TMTD 4-0 1:5 


MBTS 1-0 — 
DTDM _ 1-0 
Processing characteristics, Mooney at 121°C, 

scorch time ts (min) 15 20 
Curing characteristics, rheometer at 153°C, 

cure time foo (min) 20 22 
Bloom heavy none 
Compression set, 22 h at 100°C, % 23 27 


Uniform dispersion of sulphur in NBR can be difficult in spite of the 
use of magnesium carbonate-coated sulphur (MC sulphur). The use of 
lower elemental-sulphur levels and their partial or complete replacement 
by accelerators or sulphur donors is an obvious solution to this prob- 
lem. Where compression set is particularly critical the use of sulphur 
donors or alternative accelerators to TMTD must be evaluated with 
care as it may tend to increase at lower TMTD levels. Figure 18 illus- 
trates the use of full EV systems in NBR based on different accelerators. 
Two fully efficient vulcanising systems based on DTDM have been 
compared with the commonly used high accelerator/low sulphur com- 
bination with respect to ageing over a wide range of temperatures. The 
graph clearly shows»the superiority of the MBS/TMTD/DTDM com- 
bination over the other systems. 


6.1.4. EV and Semi-EV Systems in EPDM and Other Polymers 

The principles of efficient vulcanisation are equally applicable to EPDM 
and other sulphur-vulcanisable polymers. From the starting point of 
conventional sulphur levels (for EPDM approximately 1:5 phr) progres- 
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Fic. 18. Effect of temperature on ageing performance in NBR. 


sive replacement by accelerators and/or sulphur donors will give 
improved ageing and compression set and unaltered fatigue resistance. 
Curing systems for EPDM are normally based on thiazoles.with dithio- 
carbamates and thiurams. Because of the low degree of unsaturation in 
EPDM compared with other polymers, high accelerator loadings 
(2-10 phr) comprising different types of accelerators are frequently used 
to achieve sufficiently fast cure rates and high modulus. The low solu- 
bility of the thiurams and dithiocarbamates usually means that a number 
of individual accelerators must, be added at low levels (<1-0 phr). Sul- 
phenamide accelerators can be used in EPDM where their high solu- 
bility is a distinct advantage (Table 26). 

A comparison of MBT, MBTS and CBS‘“as primary accelerators 
shows that their relative effect on cure rate is in direct contrast to that 
which might be expected in other general-purpose polymers with CBS 
giving a 30% reduction in cure time compared to MBTS. 

Other non-blooming accelerators such as the thiophosphates 
(e.g. ZBDP) are also widely used in EPDM.?°"4° 
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TABLE 26 


COMPARISON OF THIAZOLE AND SULPHENAMIDE 
ACCELERATORS IN EPDM 


MBT 1:5 ae = 


MBTS = 1:5 = 
CBS = = uD 
TMTD 0:8 0:8 0:7 
Sulphur iS 135 5 


Mooney scorch at 135°C ts; (min) T4 9-2 8-6 
Rheometer at 160°C 


Maximum modulus (in Ib) 60 62 60 


7. HIGH-TEMPERATURE CURING 


Current trends towards production methods with higher outputs have in 
common an inevitable move to higher curing temperatures. Curing by 
continuous vulcanisation (CV) or by injection moulding involves tem- 
peratures appreciably higher (180-240°C) than those used in more tradi- 
tional press and autoclave cures (140-150°C). Similarly in press curing, 
substantial improvements in output can be made by increasing curing 
temperatures to reduce mould opening times. As the temperature of cure 
increases, cure time is usually reduced to maintain the same equivalent 
cure input. The exact isothermal cure time for a given compound at a 
given temperature can be determined by cure meter but the reduction in 
cure time is of the order of 50% for each 10°C rise in temperature. 
However, although the state of cure achieved may well be optimum for 
the particular compound and temperature chosen, the actual level of 
physical properties obtained is strongly dependent on the actual cure 
temperature. As curing temperature increases, physical properties (ten- 
sile strength, tear strength, modulus, elongation at break, hardness and 
resilience) deteriorate. This can be correlated with reduced crosslink 
density in the vulcanisate and is illustrated in Fig. 19 for a conven- 
tionally cured natural rubber compound cured in 20°C steps from 140°C 
to 200°C. 

When curing temperatures are increased, the efficiency of the cross- 
link reaction is reduced and the optimum crosslink density decreases. At 
cure times well beyond optimum, crosslink density values plateau out, 
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Fic. 19. Influence of the curing temperature on crosslink density in NR.** Sul- 
phur 2:5, CBS 0-6. 


particularly at temperatures in excess of 160°C. Consequently, cure tem- 
perature is more important than cure time in determining the crosslink 
density achieved for compounds which are overcured, as,.for example, 
the surface of a thick conveyor belt. Although the amount of sulphur 
combined in the network remains essentially constant, as cure tempera- 
ture increases, the efficiency of sulphur utilisation falls (Table 27). 

As the amount of total combined sulphur (S,) remains approximately 
constant and E values increase, this means that crosslink density 
decreases (see definition of E parameter, Section 3). 

As the (E’ — 1) values increase correspondingly with cure tempera- 
ture, this shows that more and more sulphur is used in forming main- 
chain modifications*” instead of crosslinks. “At cure temperatures of 
160°C and above the average length of the crosslinks is very short, being 
mainly monosulphidic. The trend to shorter, and ultimately monosul- 
phidic, crosslinks at the higher cure temperatures can be clearly seen in 
Fig. 20. In a conventional NR compound cured 2 h at 140°C, the major- 
ity of crosslinks are polysulphidic. However, after 20 min cure at 180°C 
only di- and a preponderance of monosulphidic crosslinks are found. 
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TABLE 27 


EFFICIENCY OF CROSSLINKING REACTIONS V. CURING 
TEMPERATURE FOR NR GUM 


Curing temperature, °C 140 160 180 
Cure time, min 360 120 60 

Sc 5-4 5:47 5:44 
E 27-0 ory 50:4 
E’-1 242 36°5 49-0 
E —(E’ —-1) 3 1 1 


S.: Total combined sulphur x 10* gram atoms/gram rubber. 
E and E’ — 1: see definitions in Section 3. 

E—(E’—1): number of gram atoms of sulphur in 
crosslink/chemical crosslink. 


When compounds are overcured at high temperatures it can be 
concluded that 


1. crosslink density is drastically reduced; 
2. essentially monosulphidic crosslinks are obtained; 
3. there is a large increase in main-chain modifications. 


Of these factors, the most important in determining initial physical 
properties is the crosslink density. 

Reductions in physical properties are most pronounced in NR or 
NR-containing blends but when conditions are particularly severe, it 
can occur with SBR. The example is shown in Table 28 for an SBR/BR 


Mono 
72% 


Fic. 20. Crosslink distribution in NR. Sulphur 2-5, CBS 0-6. Left, cure 120 min 
at 140°C; right, cure 20 min at 180°C. 
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blend where properties of samples cured at 170°C are compared with 
samples cured at 190°C and 205°C but for longer than optimum cure 
times (approximately 3 and 5 times optimum cure). The reduction in 
crosslink density with increased cure input is much smaller than with 
NR compounds. 


TABLE 28 


INFLUENCE OF THE CURING TEMPERATURE ON THE 
CROSSLINK DENSITY IN SBR/BR 


Sulphur (phr) 2 2 Z 


CBS (phr) ; 1 1 1 
Curing temperature (°C) 170 190 205 
Cure time (min) 20 15 10 


Crosslink density (2M.)~* x 10° 5 43 41 


f 


EV and semi-EV systems have proved to be of particular value be- 
cause of their high rates of cure and effect in suppressing reversion in 
NR.?? Studies over a range of cure temperatures from 140°C to 220°C 
for tyre-tread compounds based on NR, SBR and blends with BR 
showed that a vulcanisation system based on 1:5 phr sulphur and 
3:5 phr CBS gave the best results over the range of temperature, sulphur 
and CBS levels examined.**? However, changing to a semi-EV or EV 
system, whilst reducing the drop in physical properties at high tempera- 
ture, does still present some decrease and an alternative solution has 
been to increase accelerator levels whilst maintaining elemental sulphur 
at conventional levels.*!'** A relationship was developed to give the 
optimum level of sulphenamide for a given cure temperature to main- 
tain physical properties (Fig. 21). 

Figure 21 shows for 75/25 NR/SBR and 100 SBR that modulus values 
can remain constant over the full range of curing temperatures using the 
recommended increased sulphenamide levels. 


8. NON-SULPHUR VULCANISATION 


Workers at MRPRA have proposed urethanes as an alternative form of 
crosslinking to that based on sulphur bridges*® and vulcanising chemi- 
cals based on such products are commercially available. The vulcanising 
agent in these systems is derived from a p-benzoquinone monoxime 
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(p-nitrophenol) and a di- or polyisocyanate. Additives as used in sulphur 
vulcanisation are not necessary, but the efficiency of the process is 
improved by the presence of free diisocyanate and by ZDMC. The latter 
catalyses the reaction between the nitrosophenol and the polymer chain 
to form pendent groups. 

The principal advantage of these systems lies in the high stability of 
the crosslinks which give very little modulus reversion even on extreme 
overcure. Problems can occur with their lower scorch, rate of cure and 
modulus. However, modulus and fatigue-life retention on ageing is very 
good. Work in a number of laboratories is aimed at seeking crosslink 
systems which will be thermally labile at high temperatures, but perform 
elastically at operating temperatures, thus bringing rubber moulding 
closer ‘to plastics technology. One such patent*® uses an elastomer ob- 
tained by reacting a metal salt with a coordinating basic group present 
in an elastomer containing an electron-donating atom. Copolymers of 
BR, SBR and vinylpyridine may be used with zinc, nickel and cobalt 
chlorides. 
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CARBON BLACKS 
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and 
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Cabot C arbon Limited, Stanlow, Ellesmere Port, UK 


SUMMARY 


Carbon black is examined in terms of its physical form, characterisation 
and mechanism of reinforcement of polymers. The characteristics of ‘new 
technology’ blacks are indicated as distinct from conventional grades. Pro- 
duction and quality-control aspects are considered and the selection of 
carbon black for practical applications is reviewed. Finally, possible future 
changes in the industry are postulated. 


1. BASICS OF CARBON BLACK 


1.1. Introduction: Formation of Carbon Black 

Carbon black is the prime reinforcing agent for rubber. Most rubber 
articles produced are compounded with carbon black, typically in the 
amount of at least 50 parts of black per hundred parts of rubber by 
weight (50 phr). Reinforcement by carbon black involves an increase in 
the resistance of the rubber to abrasion, tearing, and other types of 
tensile failure (‘ultimate properties’); and an increase in the hardness, 
modulus of elasticity, and related viscoelastic properties. While these 
effects are most dramatic with a non-crystallising rubber, such as SBR, 
which lacks inherent strength, they were first found and put into prac- 
tice with a crystallising rubber (NR). The discovery of reinforcement by 
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carbon black, developed in England in the early 1900s, is considered to 
rank just after that of vulcanisation in importance to the rubber 
industry. The years since then have witnessed the development of many 
grades of carbon black tailored to the special needs of the rubber and 
other industries; as well as the development of many other fillers, some 
of which are also reinforcing, but none to the degree exhibited by the 
higher-quality grades of carbon black. 

Carbon black is a colloidal form of elemental carbon. It owes its 
reinforcing character to its colloidal morphology (the size and shape of 
the ultimate units) and to its surface properties. In order to understand 
these aspects and the manner in which they are controlled by the 
carbon-black manufacturer, it is helpful to have a picture of the way in 
which’carbon black is formed. At the present time most carbon black is 
produced by the oil-furnace process (furnace black). In this process a 
hydrocarbon of high BTU content, such as natural gas or naphtha, is 
burned in a specially designed furnace, and a highly aromatic oil (‘ feed- 
stock’) is sprayed into the furnace, where the feedstock cracks to form 
carbon black. In detail, it appears that the feedstock droplets vaporise 
and undergo partial molecular rearrangement and decomposition.’ 
Large polyaromatic molecules are formed, which pass through various 
stages of nucleation and fusion, resulting in the formation of spherical 
particles. As the polyaromatic molecules lose hydrogen, the particles 
pass from a liquid state, through a viscous state, to a solid carbon state. 
In the liquid state, collision of two particles (droplets) produces a single 
larger spherical particle. In the viscous state, particles adhere to each 
other upon collision, and partially fuse together over a small area of 
contact. Collision of many particles in the viscous state results -in fused 
aggregates which are the primary units of carbon black (Fig. 1a). Fur- 
ther dehydrogenation in the furnace hardens the aggregates and renders 
them incapable of fusion with other aggregates, thus limiting the 
aggregate size; however, aggregates can be held together in agglomerates 
by weak secondary forces. 

The entire process of carbon-black formation takes place over a 
period of milliseconds at temperatures of 1100-1800°C. Control of the 
colloidal morphology involves primarily control of the relative lengths 
of time the particles are in the liquid and viscous states, and the concen- 
tration and rates of collision of the particles in these states. This is 
achieved by furnace design; by control of flow rates of air, gas, and 
feedstock ; and by use of trace additives, especially alkaline metal salts,” 
which affect the particle charge and thus affect the rate of collision. At 
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Fic. 1a. Electron micrograph of furnace black. 


_ the end of the carbon-black-formation process, the reaction is quenched 
by a spray of water. If the reaction is quenched too soon, an appreciable 
fraction of the polyaromatic molecules are not sufficiently converted to 
carbon and are still extractable as tars; while if it is quenched too late, 
the surface of the aggregates may be annealed (incipient graphitisation) 
and lose some reinforcing character. Variations in the design of the 
furnace and quenching system can affect the time scale of the processes 
involved and thus affect the distribution of aggregate size and surface 
properties. 

After formation and quenching, the carbon-black aggregates are 
separated from the combustion gas stream by, for example, filtration 
through fabric bags. 
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1.2. Nature of Carbon Black Rog 

With an aggregate of carbon black, the carbon atoms are arranged in 
graphitic (i.e. polyaromatic) layers. The layers are generally parallel to 
the surface, with the inner layers being generally concentric (Fig. 1b).° 
Over small regions the layers are parallel to each other but are not in 
the same orientation as in graphite. At the surface the layers may be 
somewhat shingled, exposing edge atoms which, together with defects 
within the layer, appear to act as high-energy sites for adsorption of 
rubber molecules. Such sites are said to impart high ‘surface activity’. If 
a carbon black is heated in the range 1000-2700°C, the layers are pro- 
gressively annealed, removing defects and edge atoms and enlarging the 


Fic. 1b. High resolution micrograph of carbon-black particles. 
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regions of parallelism. A carbon black heated to 2700°C is called ‘ gra- 
phitised’, although the layers are still not fully orientated. Graphitised 
blacks have a very homogeneous surface with virtually no high-energy 
sites. While not commercially available, graphitised blacks have been 
useful in surface chemistry investigations and in studying the mechanism 
of reinforcement.* 

Carbon blacks, as produced, contain appreciable amounts of 
hydrogen, oxygen, and (depending on the feedstock) sulphur. The sul- 
phur is mainly present as a tightly bound heterocyclic substituent for 
carbon in the polyaromatic layers, and appears to have little if any 
influence on the properties. The hydrogen is bonded to edge and defect 
carbon atoms, both at the surface and in the interior, and to surface 
oxygen atoms. Oxygen is present at the surface, where it is bonded to 
edge and defect carbon atoms, chiefly in the form of quinone dioxine 
and phenolic groups.° Furnace blacks contain typically around 1% 
oxygen by weight (per 100 m7? of surface area). This can be driven off, in 
the form of CO (along with a little CO, from carboxyl and lactone 
groups), by heating to about 1000°C. The loss in weight at 950°C is 
called the volatile content of the carbon black. Blacks made by the old 
‘channel’ process contain about 2-3% oxygen (per 100 m?), which 
appears to be the limiting amount of oxygen which can be put on the 
surface. Oxidation of furnace blacks by strong oxidants such as ozone or 
nitric acid below about 200°C increases their oxygen content to the 
same level as a channel black. Such blacks are useful in special applica- 
tions, such as where slow curing is desired.© Oxidation at higher temper- 
atures, for example by oxygen, steam, or CO,, burns away layers and 
forms slit-like pores. 

The most important single property of carbon black is its external 
specific surface area, i.e. the area accessible to rubber molecules per unit 
weight of carbon black. High area is associated with a high level of 
reinforcement; but at the expense of high cost, high nye; and 
more-difficult processing. 

The balance between these properties is one of the chief factors deter- 
mining the grade of carbon black. For non-porous spheres, the specific 
surface area is inversely proportional to the particular size (diameter). In 
carbon-black aggregates the particles which were created in the furnace 
are still apparent as nodules. Note (Fig. 1b) the continuity of the carbon 
layers between nodules. The size of the nodules can be assessed under 
the electron microscope but the measurement is subjective and 
imprecise. Recent attempts to estimate particle size from image analysis’ 
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or from tinting strength® have been based on correlations with electron- 
microscope measurements, for a limited group of blacks. It is possible 
that further improvements in image, analysis may permit a direct, au- 
tomated measurement of particle and aggregate size and distribution, 
but always subject to the choice of an algorithm for defining particle 
size. Grade-classification schemes, such as that of the ASTM,’ which 
rely on particle size, have led to considerable difficulty and should 
probably be replaced by surface-area criteria. - 

The second most important property is the so-called ‘structure’. This 
refers to the bulkiness of the carbon-black aggregates. In general’®° high 
bulkiness is--associated with a large~average number of particles per 
aggregate, N,. However, the relation between bulkiness and N, depends 
to some extent on the manufacturing process,’! due to variations in the 
arrangement of particles in the aggregate. In an ‘open’ aggregate the 
particles are arranged in a highly branched configuration, so that high 
bulkiness is achieved with relatively few particles (Fig. 2). In a 
‘clustered’ aggregate the particles are grouped tightly together, so that 
with the same N,, the bulkiness is lower. However, since aggregates 
become more open as they grow, a ‘clustered’ aggregate of high N, will 
have the same bulkiness as an ‘open’ aggregate of small N,. The ability 
to vary the ‘clustering’ or ‘openness’ of aggregates is one of the impor- 
tant recent developments in the technology of carbon-black production 
_(see Section 2). : 
1.3. Characterisation of Carbon Blacks 
Carbon blacks for rubber-use are generally produced to.meet quality 
specifications, either as established by standards organisations,° or as 
agreed on directly between user and supplier. The specifications are 
written in terms of readily measurable properties of the carbon black 
itself and as compounded in standard rubber compounds. However, in 
view of its complex colloidal nature, a sample of carbon black cannot be 
described completely by such tests.!? 

From the above discussion it is evident that products of different 
manufacturers, made in different furnaces of patented design, with differ- 
ent feedstocks, operating conditions, and pelletisation techniques, may 
differ significantly even though meeting the same basic control 
specifications and providing approximately equivalent product perfor- 
mance. For this reason it is important for the user to be aware of the 
meaning of the tests used to characterise carbon black in research as 
well as in quality control (Section 3). Due to space limitations, only the 
major testing features can be discussed here. 
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Fic. 2. Top left, Low ‘structure’ (low bulkiness, DBPA), low N, (28), compact 

morphology. Top right, High ‘structure’ (high bulkiness, DBPA), low N, (28), 

open morphology. Bottom, High ‘structure’ (high bulkiness, DBPA), high N, 
(84), intermediate morphology. 


In colloid and surface science, surface area is preferably measured by 
adsorption of an inert gas, such as nitrogen. Adsorption data obtained 
at several partial pressures from about 0:05 to 0:3 generally give a 
straight-line plot in the BET equation.'* From the slope and intercept 
the amount of nitrogen required to cover the surface depth of one 
molecule (a monolayer) can be calculated. This is divided by the effec- 
tive surface area per molecule (the ‘squat’ area, generally taken as 
16:2 A? for nitrogen) to give the surface area. 
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The BET procedure is time-consuming and also fails to distinguish 
between external and internal surface area. For ease and rapidity, it can 
be simplified by making the adsorption measurement at a single partial 
pressure, with the assumption of a constant or zero intercept (reasonably 
valid for most carbon blacks). Several instruments are commercially 
available for carrying out this well-recognised single-point procedure.** 

The simplest measurement related to surface area is the ASTM Iodine 
Number.!* This test is based on adsorption of iodine from aqueous 
potassium iodine solution. It is rapid and precise but unfortunately is 
affected somewhat by, for example, the presence of residual extractable 
materials and surface oxygen.'®° The-test conditions were originally 
designed so that the number of milligrams of iodine adsorbed per gram 
(the ‘iodine number’) would be equivalent to the BET area. However, 
with blacks made by different processes, small systematic deviations 

from: this relation are apparent.*? 
~* Internal surface area, in the form of slit-like pores, can be developed 
by oxidation of carbon black at elevated temperatures. These pores are 
inaccessible to rubber molecules and thus do not contribute to 
reinforcement.'7? One method of distinguishing internal from external 
areas is to fill the pores with nitrogen at low partial pressure, and then 
measure the amount of nitrogen required for the second and third 
layers. This so called ‘t’ method’®:?? is accurate but exceedingly time- 
consuming. A more rapid method involves the adsorption of a large 
molecule such as cetyl trimethylammonium bromide (CTAB) from 
aqueous solution.”° This has been shown to measure only external area 
without significant interference from extractables or sutfacesabsorbed 
oxygen.'® The principal drawback of the method is the necessity of 
separating the carbon black from the CTAB solution® before back- 
titrating the CTAB. Since CTAB is an excellent surfactant, a fine colloi- 
dal dispersion is formed, and recourse must be made to high-spéed 
centrifugation or ultrafiltration. Porosity is generally absent in rubber 
grades of carbon black’? but some may be present with grades of very 
high surface area (120 m?/g) or if the black has been oxidised through, 
for example, improper handling in the drier. 

‘Structure’ is assessed by addition of a liquid which wets the black, 
such as dibutylphthalate (DBP), until the crumbly mass of dry black 
suddenly coheres. This is measured using a machine which senses the end- 
point as a sharp rise in viscosity.7' The average bulkiness of the individ- 
ual aggregates can be calculated by subtracting the amount of DBP 
trapped between aggregates at the endpoint.!° ‘Structure’ can also be 
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estimated from the bulk density of the dry black, either as pellets or 
under a pressure of 1000-5000 psi in a compression cylinder.?? 

The energy required for the incorporation of carbon black in rubber 
fractures some aggregates and thus reduces the ‘structure’. In order to 
bring the black to this lower ‘structure’ level before running a DBP 
absorption test, a sequence of four similar compression steps has been 
proposed.2* The degree of breakdown resulting from this ‘24M4’ 
procedure is generally more severe than during incorporation in 
rubber,’ depending on the type of rubber, grade of black, and incorpor- 
ation procedure. While the crushing procedure makes the test longer 
and less sensitive, it may be useful in distinguishing blacks which differ 
in their degree of breakdown under mechanical stress. 

The amount of carbon per aggregate is an important property which 
may be related to reinforcement and which, taken in conjunction with 
surface area and’ ‘structure’, gives a measure of clustering versus 
openness. A simple optical measurement, the tinting strength, measures 
the light absorption coefficient, which is related to the average amount 
of carbon per aggregate.** Higher tinting strength arises from less 
carbon per aggregate, which can be due to higher surface area (smaller 
particle size) or fewer particles per aggregate. Aggregate size distribution 
can be measured by centrifugal sedimentation or by electron microscopy 
with image analysis. 

The surface oxygen groups can be analysed in detail® but more 
commonly one has recourse to the volatile content (see above) and to 
the pH of an aqueous slurry. Surface activity is estimated from bound 
rubber measurements?* and from adsorption of small molecules such as 
propane, butane, or water.”° 

In recent years, arising from the suspected carcinogenicity of certain 
polyaromatic hydrocarbons (PAHs), the American Governmental 
Health Authorities are re-examining the PAHs which are present in the 
extractable surface residuals of carbon blacks (Section 1.1). The concen- 
tration of PAHs normally present is less than 0-1%, and since they are 
strongly adsorbed on or within the black aggregates, it is necessary to 
resort to prolonged extraction with high-boiling organic solvents to 
remove them more or less completely. To date, there is no evidence that 
carbon blacks themselves are carcinogenic under normal conditions of 
manufacture or use. Once extracted, very sensitive chromatographic 
methods are required to detect these PAHs which are present only in 
concentrations of parts per billion (10°) and the majority of which are 
recognised as non-carcinogenic. 
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1.4. Mechanism of Reinforcement 

Of the various aspects of reinforcement, the RisteRlastic properties are 
most readily accounted for. Over 70 years ago Einstein?’ explained the 
increase in viscosity of a liquid due to the addition of spherical particles, 
as being due to the perturbation of flow caused by rotation of the par- 
ticles as the liquid is sheared. Forty years later this treatment was ex- 
tended to modulus?® by substituting strain for rate of strain. These 
theories have been substantiated by experimental measurements with 
dilute suspensions of spherical or nearly spherical particles, including 
thermal blacks (Section 3).?? 

In the Einstein treatment, which is strictly valid only at very low 
concentrations, interaction between particles is neglected, and the in- 
crease in viscosity or modulus is proportional to the first power of the 
volume fraction of particles, ¢. At higher concentrations, particle inter- 
action leads to higher-order terms. Of the many theoretical equations 
‘which have been derived,?® we may mention particularly that of Guth 
and Gold:°° 


S 


M,/M, = 1+ 2:56 + 1414? (1) 


where M, and M, are the moduli (or viscosities) of filled and gum 
compounds, respectively. 

Reinforcing blacks give a larger increase in modulus than predicted 
by eqn. (1). This is because they consist of asymmetric aggregates rather 
than spheres. Within each aggregate, rubber is occluded and partially 
shielded from deformation.!° Thus the effective volume fraction of filler 
is increased in relation to the extent to which the occluded tubber is 
effectively immobilised. The volume of occluded rubber can be taken as 
equal to the volume of DBP which fills the aggregates in a DBP absorp- 
tion test;!° a similar treatment can also be applied to crushed DBP.*! 
With reinforcing blacks, the occluded volume amounts to betweert0-5 
and 1-5 times the volume of carbon, depending on ‘structure’. 

Given a certain calculated volume of occluded rubber, an effectiveness 
factor can be calculated from an experimentally measured viscoelastic 
property, such as the low-strain equilibrium modulus.*? The effective 
volume fraction of filler is calculated by an appropriate equation such as 
eqn. (1), and the difference between this and the actual volume fraction 
is attributed to the effectively immobilised rubber. This treatment has 
given an effectiveness factor of 0:5 for many blacks in low-strain equili- 
brium modulus*? and certain dynamic modulus*? measurements, i.e. the 
occluded rubber acts as if half of it were part of the filler. If the volume 
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of occluded rubber is calculated from electron-microscopic measure- 
ments after incorporation in rubber, somewhat higher effectiveness fac- 
tors are found.’ 

Another important viscoelastic property is hysteresis, discussed in 
more detail in Section 4. The simplest measure of hysteresis is tan 6, 
which is the fraction of mechanical energy input which is converted to 
heat in a cyclic strain. For a wide range of blacks, tan 6 is a function of 
surface area and volume fraction.***° This is in accordance with the 
concept*® that hysteresis arises from breaking and re-forming of inter- 
aggregate contacts. At normal loadings, the carbon-black aggregates are 
in contact with each other, forming a through-going network, as 
revealed especially by electrical conductivity. Deformation breaks the 
networks, but its reformation during cycling requires time, and is thus a 
hysteretic process. 

To account for the ultimate properties, theories have developed along 
two main lines: hysteretic and molecular. As an example of the former, 
Lake and Thomas®” point out that in the absence of hysteresis, the only 
energy required for tear propagation is that needed to fracture molecu- 
lar bonds and create new surface. With hysteresis, considerable addi- 
tional energy must be put into the system. 

Molecular theories of ultimate properties have considered that filler 
particles provide a means of stress relief. In Bueche’s mechanism,*® 
carbon-black aggregates are linked by rubber molecules of different 
chain lengths. When the sample is stretched to the point where the 
shortest molecules break, the longer ones carry the load. In the molecu- 
lar slippage mechanism*? it is assumed that rubber molecules are not 
rigidly attached to the carbon black but can slip along the surface. On 
stretching, this slippage allows for stress relief and prevents bond break- 
age. Actual detachment of the rubber from the carbon-black surface, 
with the formation of vacuoles, has been proposed with low-area (semi- 
reinforcing) blacks,*° but as a source of weakness rather than strength. 

One of the most important (and complex) ultimate properties is 
treadwear. For most blacks there is a general relation between tread- 
wear and hysteresis; that is, a black which imparts better treadwear in a 
given recipe also imparts higher hysteresis. This is readily understood on 
the basis of the hysteretic theories of ultimate properties. However, 
indiscriminate application of these theories does not seem justified, since 
hysteresis is generally measured at much smaller deformations (around 
10%) than probably occur in treadwear. The molecular theories predict 
a dependence of ultimate properties on surface area, which as we have 
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seen is also the dominant factor affecting hysteresis. Despite the theories, 
or perhaps because of their inadequacies, the relation between hysteresis 
and treadwear does not appear to be immutable, and new blacks are 
being developed which permit a few per cent improvement in treadwear 
at a given hysteresis (or conversely) (Section 4.2). 


2. ‘NEW TECHNOLOGY’ AND ‘IMPROVED’ BLACKS 


Around 1970 the grades used for tyre-tread applications ranged in 
iodine number from 80 (HAF N330) to 140 (SAF N110). The most 
widely used tread blacks were N330 (HAF), N220 (ISAF), and N347 
(HAF-HS). The superior treadwear theoretically associated with the 
highest-area tread black available (N110 SAF) was generally not com- 
mercially exploited as a result of problems associated with high area: i.e. 
“difficult processing, groove cracking in cross-ply tyres and high cost. 
Therefore, the chief industry demand was for blacks which would give 
better treadwear at the same surface area or iodine number. 

This demand was first met in the early 1970s by the introduction of 
‘new technology’ or ‘improved’ blacks.'!:+!~*3 Since different manufac- 
turers employ different furnaces and other variations in technology, the 
blacks of a given grade are not completely equivalent, and may owe 
their improved treadwear/surface area relation to different combinations 
of manufacturing techniques and measured properties. 

One route''*!4? employed furnaces which give better control of 
feedstock atomisation and closer localisation of the different processes 
taking place in the reactor (as compared with the reactors used to make 
the earlier ‘conventional’ grades). This leads to a narrower distribution 
of aggregate sizes, as shown by centrifugal sedimentation!!:+* and by 
image analysis of electron micrographs.** Another result of the*in- 
creased sharpness of these furnace processes is that the aggregates stabi- 
lise in relatively more open configuration, rather than filling up with 
more carbon as in the clustered morphology of the older (‘conven- 
tional’) blacks. This more open configuration permits attainment of a 
given bulkiness or DBPA with fewer particles per aggregate (N,) and 
thus smaller aggregate mass at a given surface area (Section 1.2).!1:44 
Because of the smaller aggregate mass, and to a lesser extent because of 
the narrower distribution of aggregate sizes, the new technology blacks 
have a higher tinting strength (Section 1.3) than conventional blacks of 
the same surface area and DBPA. 
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The new technology blacks also differ from conventional blacks in 
their surface properties, being characterised by higher surface activity 
(higher bound rubber and higher moisture adsorption) and a lower ratio 
of iodine number to external surface area (‘t’ or CTAB).!! The latter 
factor accounts for part of the improvement in treadwear at a given 
iodine number, but a very significant improvement (up to 7%) is found 
even at the same external surface area.’ This improvement may be 
ascribed to the following factors: 


1. higher surface activity; 

2. narrower distribution of particle size and virtual absence of very 
large particles'! which are believed to act as weak spots in abra- 
sion or tensile failure;’'*> 

3. more open aggregates. 


Because of the larger number of more open aggregates, a stronger inter- 
aggregate network. is set up,''*® leading to slightly higher 
hysteresis,'’’*! which appears to contribute to the improved treadwear. 
The difference in hysteresis is definitely noticeable if the blacks are 
compared at equal iodine number but is only marginal at equal external 
area.*’ 

‘Improved’ blacks** have also been reported to have fewer large, 
clustered aggregates than conventional blacks.*® At equal nitrogen area 
these blacks give the same rebound (or hysteresis) as conventional 
blacks.*? ‘In general, improved blacks show less breakdown in rubber 
and greater bound rubber development’;** however, the relative magni- 
tude of these factors depends on the grade. The improved treadwear is 
attributed primarily***? to increased polymer/filler interaction as 
revealed by higher bound rubber and higher torque development in the 
Banbury mixing cycle. The increased torque, in turn, is believed to lead 
to a more effective dispersion of the black. Hess and Chirico*® have also 
demonstrated by image anaysis that the ‘improved’ blacks-retain more 
bound polymer after dispersing the gel. 


3. PRODUCTION AND QUALITY CONTROL 


3.1. Lampblack Process 

The Chinese are believed to have developed the first carbon-black 
process for pigmentation applications over 5000 years ago. They simply 
burned vegetable oil in small lamps with tile covers on which the carbon 
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black accumulated. From this ancient practice has evolved the lamp- 
black process. This process features the partial combustion of petroleum 
and coal-based feedstocks in large open pans. Lampblacks are charac- 
terised by high structure and low surface area.°' Small quantities are 
still produced today. 


3.2. Channel, Thermal, Acetylene and Gas-furnace Processes 

The channel process for carbon-black production has had a long and 
successful history, beginning in 1872. World-wide production of channel 
black has fallen sharply in recent years because of rising natural-gas 
prices, smoke. pollution, low yield, unsatisfactory performance in 
synthetic-rubber tread compounds, and the rapid development of the 
oil-furnace process. The name channel black comes from the use of steel 
channel irons. Carbon black is impinged on the flat side of the channels 
in the. proximity of thousands of small natural-gas flames. The carbon 
black deposited on these channels is scraped off and collected. Channel 
black is characterised by high oxygen content and low structure. d 

Both the thermal and acetylene black processes are based on the 
high-temperature decomposition of hydrocarbons in the absence of air 
or-flame. Thermal black is produced from natural gas in an endothermic 
cracking reaction requiring a large heat-energy input. Heat is provided 
by firing the thermal generator with a stoichiometric ratio of air and 
gas. Heat is absorbed by the refractory lining and released to crack the 
natural gas during the next ‘make’ cycle. Two thermal generators are 
used alternately. When a producing generator becomes too cool for 
carbon-black formation it is placed back on a heat cycle. While basically 
a batch process, the alternating cycles of approximately 5-min duration, 
and a carbon yield of 40-50%, provide an essentially contirtuous flow of 
product. Thermal black is noted for very low structure and low surface 
area or very large particle size. Most of the world’s thermal production 
is in North America where natural gas has been plentiful. Production of 
thermal black has dropped in recent years with rising gas prices and 
decreasing availability. 

Acetylene black is made by the continuous exothermic decomposition 
of acetylene gas in water-cooled, refractory-lined metal retorts. A unique 
form of carbon black is produced at the high réaction temperature and 
long residence time of this process. The product has an unusually high 
degree of structure and gives high electrical and thermal conductivity in 
rubber compounds. A major use of acetylene black is in dry-cell 
batteries. 


CARBON BLACKS 165 


In 1922 a continuous carbon-black process utilising the partial com- 
bustion of natural gas was developed. The basic concepts used in the 
combustion, collection, pelletisation and handling of gas-furnace blacks 
were later applied to the oil-furnace process. A major disadvantage of 
the gas-furnace process was the inability to produce highly reinforcing 
carbon blacks required for long tyre-tread life. Channel blacks were 
acceptable for tyre treads as long as natural rubber was in use. They did 
not perform well in non-crystallising synthetic rubbers with their greater 
need for filler reinforcement. Therefore, the development of synthetic 
polymers reduced the acceptability of both channel and gas-furnace 
blacks. Additionally, the rapid rise in natural-gas prices adversely 
affected the production costs of both channel and gas-furnace blacks. 
These factors set the stage for the development of a new process that 
could produce more reinforcing carbon blacks from a raw material 
which had better price stability and was readily transportable. 


3.3. The Oil-furnace ‘Process 

A patent for producing carbon black from oil was issued to W. H. Frost 
in 1922. The first oil-furnace blacks were commercially produced in 
1943, after a sharp rise in natural-gas prices. The oil-furnace process 
today is the most significant and most versatile means of producing 
carbon black. 

A schematic of a modern oil-furnace unit utilising the wet pelletising 
process is shown in Fig. 3. After preheating, the liquid hydrocarbon 
feedstock is injected into one or more reactors. Here it is atomised and 
mixed with preheated air and an auxiliary fuel and heat source, 
normally natural gas. The reaction is quickly quenched with a water 
spray (see Section 1.1). 

The product is then separated from the combustion gases by a series 
of bag filters and cyclones. From here the fluffy black is carried to a 
pelletiser where water and if necessary a small amount of pellet binder is 
added. A typical pelletiser is a pin-type mixer consisting of many metal 
pins arranged helically around a central shaft. Rotation of the shaft 
creates a mixing action that forms dense, spherical carbon-black pellets. 

The wet pellets pass out of the pelletiser and are then fed into a rotary 
dryer to remove the pelletising water. After drying, the carbon-black 
pellets are passed over a magnetic separator to remove magnetic mate- 
rial that may have been picked up within the system. The pelleted black 
then passes to a classifier to remove over-size pellets and finally the 
black is conveyed by belts, screw conveyors or bucket elevators to stor- 


166 A. lL. MEDALIA, R. R. JUENGEL AND J. M. COLLINS 


CARBON GAS 
EXHAUST 
or MASS OMIE ES REIs: a 
i ee 
=) 


AIR 
REACTOR PREHEATER 


i I 
FUEL OIL 
Ee“ anal 5] PREHEATER 


QUENCH WATER 


AIR 
MAGNETIC 
SEPARATOR 
eR BUCKET COLLECTION PULVERIZER 
erocreee ELEVATOR CYCLONE CYCLONE 
ena ca a 
CARBON | WATER 
BLACK 
STORAGE 
eae 
PELLETIZER a 
1, J 
aha SURGE 
i Pp RIZER 
DISTRIBUTION aH ULVERIZE 


Fic. 3. Schematic of the oil-furnace process. (From Hydrocarbon Processing, 
a September 1977, pp. 165-173). 
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age silos. From here it is either packed into bags or bins or loaded into 
bulk hopper cars or trucks for shipment. - 


= 


-* 


3.4. Quality Control = 

An effective quality-control programme is a major factor in maintaining 
high and consistent product performance. Major control areas include 
raw-material evaluation, process control and product analysis. 

A highly aromatic, high-viscosity hydrocarbon is the primary feed- 
stock for producing carbon black by the oil-furnace process. The purity 
of the feedstock is important, especially with respect to sulphur content, 
alkali-metal content and total ash content. Viscosity is measured to 
determine flow properties. Other physical and chemical properties used 
to determine quality include specific gravity, asphaltine content, and US 
Bureau of Mines ‘correlation index’. 

The next phase in an effective quality-control programme calls for 
close control of all stages of the oil-furnace process. The flow rates of oil 
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feedstock, natural gas, combustion air and flame additive, if used for 
control of structure, need accurate metering and control. In order to 
obtain the desired pellet properties, the flow rates of fluffy black, water, 
and pelletising additive if used are critical and also require close control. 
The pellets must be dense and firm, for efficient storage, shipping and 
handling in bulk, but still be soft enough to break up readily and 
disperse in rubber compounds. After wet-process pelletising, the product 
passes through a rotary dryer where temperature control is important. 
Too low a temperature will give wet pellets, while a high temperature 
can influence the oxygen content and surface activity of the black 
and change rubber properties. 

Product analysis for process-control purposes is normally done on 
fluffy or unpelleted black samples taken immediately downstream from 
the reactor. Typical tests here include iodine adsorption to measure sur- 
face area, DBP absorption for structure control, and solvent discolora- 
tion. Frequent samples are normally taken at this point in order that 
reactor inputs can be adjusted as needed. More extensive testing is 
performed on dried pellets taken at the dryer exit. In addition to the 
above tests, dryer samples may be evaluated for tinting strength, ash 
content, foreign material, moisture content, dust content, mass pellet 
strength, individual pellet crush strength, density, pH, sulphur content 
and compound rubber properties. 


3.5. Quality Assurance 

The carbon-black industry has made great strides in recent years in 
upgrading quality-assurance programmes. This has resulted directly 
from demands from the rubber industry for better and more uniform 
product performance and in-plant processing. While the procedures will 
vary from one producer to another, the ultimate goal is the same—to 
assure the user that product shipments conform to the user’s 
specifications. Test data generated for quality control may be aug- 
mented with results on samples taken at the time of shipment. Multiple 
shipment samples normally are checked for pellet quality, moisture 
content, iodine adsorption and DBP absorption to assure product uni- 
formity. A typical quality-assurance programme may include procedures 
for handling customer questions and complaints on quality. Generally a 
technical representative will coordinate such discussions between the 
producer and user. More open communication in the areas of material 
specifications, rubber product requirements and rubber plant processing 
has had a favourable impact on the upgrading of carbon-black quality. 
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4. SELECTION OF CARBON BLACK FOR COMPOUND 
PERFORMANCE 


4.1. Introduction 
The selection of a carbon-black grade for a particular product appli- 


cation is governed by the two main characteristics of carbon black, 
surface area and structure. 


TABLE 1 
EFFECTS OF CHANGES IN SURFACE AREA AND STRUCTURE ON RUBBER 
PROPERTIES 
Increasing Increasing 
surface area structure 
Processing properties 
Loading capacity Decreases Decreases 
Incorporation time Increases Increases 
Oil-extension potential Little Increases 
Dispersability Decreases Increases 
Mill bagging Increases Increases 
Viscosity Increases Increases 
Scorch time : Decreases Decreases 
Extrusion shrinkage _ Decreases Decreases 
Extrusion smoothness Increases Increases 
Extrusion rate Decreases Little 
= ie 
Vulcanisate properties - 

Rate of cure Decreases Eittles 
Tensile strength Increases Decreases 
Modulus Increases to maximum Increases 

then decreases am 
Hardness Increases Increases 
Elongation Decreases to minimum Decreases 

then increases 
Abrasion resistance Increases Increases 
Tear resistance Increases Little 
Cut-growth resistance Increases Decreases 
Flex resistance Increases ee Decreases 
Resilience Decreases Little 
Heat build-up Increases Increases slightly 
Compression set Little Little 
Electrical conductivity Increases Little 
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In general, the higher the surface area of the carbon black then the 
higher is the reinforcement in terms of tensile strength, tear strength, 
abrasion and fatigue resistance. Hysteresis losses are also higher giving 
rise to increased temperature generation during mixing and in products 
with dynamic applications. 

Structure is more important in terms of compound processability, 
giving better carbon-black dispersion and improved compound extru- 
sion characteristics. Cured modulus and hardness increase with struc- 
ture and this can lead to inferior cracking and fatigue performance. 
However, treadwear under severe conditions is improved by higher 
structure. 

A summary of the effects of these two parameters is given in Table 1. 
The relative importance of these uncured and cured properties is very 
dependent on the product application. 


4.2. Tyre Applications 

Tyre production still consumes approximately 75% of all carbon black 
produced and therefore exerts the most influence on the grades 
produced and in particular, those at the reinforcing end of the carbon- 
black spectrum. It is therefore appropriate that we first examine this 
application considering the various tyre components in turn. 


4.2.1. Car-tread Compounds 

Car-tread compounds have the requirement of high abrasion resistance, 
good wet grip and generally low compound cost. Up to a few years ago, 
car treads were based on N330 (HAF) or N220 (ISAF) but with the 
advent of new technology blacks and their improved abrasion per unit 
cost the majority of this market has switched to use of N339 (Improved 
HAF) or N375 (Improved HAF). Both of these blacks have an abrasion 
resistance approximately equal to ISAF but priced equal to N330 
(HAF), and have been used with increased oil loadings giving improved 
wet-grip performance and lower compound cost. 

N234 has recentl¥ been added to the range of new technology blacks. 
This grade has a reinforcement/abrasion level approximately 10%, 
higher than N220 (ISAF) but at a cost equal to N220 (ISAF). It has 
found application for premium tread compounds where improved abra- 
sion is still being requested but by using it at higher loadings of black 
and oil it offers the possibility of improved wet grip while retaining 
normal treadwear performance. 
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4.2.2. Truck-tread Compounds 
Truck treads in addition to good wear must have satisfactory tempera- 
ture generation, flaking, cutting and chipping resistance. These last three 
parameters are becoming particularly important for European truck- 
tyre usage where off-the-road performance is becoming an additional 
requirement. 

Flaking, cutting and chipping are adversely affected by high carbon- 
black structure and tread compounds historically were based on the 
normal-structure blacks N330 (HAF), N220 (ISAF) and some N110 
(SAF). The majority of new technology carbon blacks have high struc- 
ture, and special compounding techniques need to be employed to take 
advantage of their good abrasion/cost ratio. The compound modulus 
must be dropped to acceptable levels and this can be done by reducing 
the crosslink density by modifying the cure system, by substituting up to 
15 parts of the carbon black by a precipitated silica, or by introducing 
“SBR in place of natural rubber where the increased temperature genera- 
tion can be accepted. By use of these techniques N339, N375 or N234 
can successfully be used. 

For pure off-the-road performance as in earthmover and loader dozer 
applications, normal abrasion resistance in the tread compound is less 
important and rubber loss by flaking, cutting and chipping becomes 
paramount. Typical carbon-black usage for this has been N110, N231 or 
blends of N110/N326: However, increasingly SBR is being used for 
slow-moving applications where temperature generation permits, and 
blends of N110 and silica in 100% natural rubber are being used for the 
higher-speed, general-purpose application. “2 

The possibility that new technology blacks may be used in pure off- 
the-road application will depend either on modifications to existing 
structure levels, or to the economic acceptance of lower than normal 
black loading levels. 


4.2.3. Bonding Compounds 

Although not subjected to direct abrasion, the bonding compounds used 
in breaker constructions have a requirement for high reinforcement. 
Initially, bonding compounds for both textile and brass were based on 
100° natural rubber and used channel-black reinforcement. The chan- 
nel black produced slow-curing characteristics which appear to give 
more latitude for the compound crosslink reaction and _ the 
brass/sulphur reaction to be coincident. When channel black was eli- 
minated from the carbon-black range due to cost and pollution prob- 
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lems, its initial replacement was by an oxidised, low-structure HAF 
(S315) which had similar slow-cure characteristics. Eventually the $315 
was withdrawn for production and cost reasons and has now generally 
been replaced by normal cure rate, low-structure HAF (N326). 

The slow-cure characteristics are now obtained by suitable choice of a 
slow-curing accelerator or by part replacement of the carbon black by 
silica/resorcinol/hexamine systems. Such compounds appear to be meet- 
ing design requirements and there is no indication of significant changes 
being made in Europe in the near future. However, in the USA there 
appears to be a lower performance requirement for breakers and N351 
has found some application. 


4.2.4. Sidewall Compounds 

Cracking and fatigue performance are most important for sidewall com- 
pounds but some degree of abrasion resistance is also necessary. Typical 
carbon-black choice is either N330 or N550 (FEF) but there is no 
reason why new technology blacks should not be introduced providing 
a low loading is used or other compounding techniques adopted in 
order to keep a satisfactory modulus level. 


4.2.5. Casing Compounds 

Tyre-casing compounds have traditionally been based on use of N660 
and this is still satisfactory for remaining cross-ply tyres and car-radial 
casings. However, there is increasing interest in part or total replace- 
ment of carbon blacks by cheaper mineral fillers such as clay as the 
price of carbon black increases. Higher-performance tyres such as aero 
and mono-ply steel truck casings often require the additional reinforce- 
ment_and fatigue resistance offered by N330 or N326. 


4.2.6. Inner Liner 

The role of the inner liner is air retention and carbon black has little 
effect on permeability. However, it can have significant effect on dimen- 
sional stability and for this the high-structure blacks N550, N683 (APF) 
and N650 (GPF-HS) would be preferable. 


4.2.7. Run-flat Tyres 

Run-flat tyres are now a commercial reality although there has been as 
yet little market penetration. There is no reason to expect that this type 
of tyre will require any special type of carbon black in the tread or 
breaker assemblies but they could eventually have significant influence 
on the pattern of semi-reinforcing blacks. 
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Run-flat tyres obtain much of their run-flat_ performance from the use 
of thick sidewall sections capable of supporting the tyre load. These 
compounds will require high modulus in order to reduce the tyre 
deflection, moderate reinforcement to survive the fatigue requirement 
and obviously low temperature-generation characteristics. This is un- 
doubtedly a compromise situation and high-structure blacks of the 
N650, N683, N351 or N550 appear likely candidates. If this type of tyre 
becomes established then the long-term viability of N660 black would 
be in doubt. 


4.2.8. Low Rolling Resistance 

The oil crisis has already prompted the United States to introduce 
legislation on energy saving, including tyres. Much of the savings are 
being achieved by tyre-design changes but reduced energy loss com- 
pounds are probably also required. With current radial-tyre designs, 
little reduction can be achieved in the casing, sidewall or breaker com- 
pounds and attention is therefore being concentrated on tread com- 
pounds. Reduced energy loss could easily be achieved by moving to a 
less-reinforcing carbon black but significant loss in treadwear does not 
appear acceptable. A new range of carbon blacks is currently of interest 
which has marginally better resilience relative to treadwear. These new 
blacks have so far generated very little interest in Europe due to the 
high wet-grip requirement but with further development and more 
significant resilience advantage but with increasing emphasis on energy 
savings through reduced rolling resistance they could become of.nterest. 


~ 


4.3. Non-tyre Applications 
Conveyor-belt compounds have a similar requirement to tyre-tread 
compounds in terms of reinforcement. Carbon-black usage has therefore 
followed a similar pattern and the new technology grades are well estab- 
lished. The latest type, N234, is already of interest in that the higher 
reinforcement allows SBR compounds to be used for high-grade covers. 
In most of the non-tyre applications, high abrasion resistance is less 
important and is replaced by modulus and hardfiess development, dyna- 
mic properties, processability and compound cost. Carbon-black usage 
varies from the 300 series down to the very coarse particle size blacks 
and including lampblack and thermal blacks. 
The coarse, low-structure thermal blacks find applications where high 
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loadings are important as a polymer diluent for either performance or 
cost reasons. Product applications in this group are oil seals, door seals 
mat, etc. 

Lampblack, due to its coarse particle size and high structure, is used 
for modulus and hardness development combined with high resilience in 
compounds such as engine mountings and tank-tread compounds. 

N762 is widely used in hose applications for its good processing char- 
acteristics, and the high-structure semi-reinforcing blacks such as N683 
and N550 find application in extruded products where high black and 
oil loadings are required for cost reasons. 

There are no significant improvements expected in the semi- 
reinforcing blacks but rather a contraction of the range due to cost or 
environmental reasons. Fine thermal black has already virtually ceased 
production and similar pressures must exit on medium thermal and 
lampblack. 

As a consequence of the loss or potential loss of the coarser grades, 
many compounders have been substituting their use by normal furnace 
grades. Medium thermal can be replaced by either SRF or GPF in 
combination with white fillers. Lampblack can be satisfactorily replaced 
by N683, N650 or N550 in many applications. 


> 


4.4, Energy Loss/Temperature Generation 
In the preceding section, reference has been made to the need for con- 
trolling energy loss and temperature generation for various applications. 
Pendulum resilience or flexometer heat build-up measurements have for 
many years been used as the main criteria for predicting heat-generation 
performance. However, dynamic moduli, together with a better know- 
ledge of the mode of operation of any product, can now offer improved 
compound design for this particular feature. 
In the Kelvin model (Fig. 4) the elastic modulus E’ is represented by a 
spring and the loss modulus E” by a dashpot. : 
Resilience for a sinusoidal oscillation can be shown to be 


R = exp(—7E"/E’) 
Or if E”/E’ is small then 
R=1—-2E"/E' 


(1 — R) = nE"/E' 


174 A. I. MEDALIA, R. R. JUENGEL AND J. M. COLLINS 


i | [Loss modulus, E” 
Elastic modulus, E 


“ Fic. 4. Kelvin model. 


The energy loss in any system is (1 — R) x energy input. Three types 
of energy input condition can be considered and it is relatively simple to 
show the following dependence of energy loss on the dynamic moduli: 


Energy loss at constant load is proportional to E”/(E’)’. 
Energy loss at constant deflection is proportional to E”. 
Energy loss at constant energy is proportional to E”/E’. 


From this it can be seen that it is extremely important to determine the 
mode of operation of avccomponent before deciding the requirements of 
compound dynamic moduli. For example, a truck-tread compound 
operates largely under constant load condition and its temperature gen- 
eration is extremely dependent on the ratio E”/(E’)? whereaS the side- 
wall components of the tyre operate under constant deflection and are 
dependent on E” only.°? The loss modulus is therefore important in 
both components but the elastic modulus is only of significance in the- 
tread compound. 

Dynamic moduli vary with temperature, frequency and amplitude (see 
Fig. 5 for effect of amplitude) and it is therefore extremely important to 
carry out dynamic-moduli measurements under the condition of service 
operation that the compound will undergo. 

Carbon black significantly affects both moduli; increasing surface 
area increases the elastic and loss moduli, and increasing structure in- 
creases the elastic modulus. As reinforcement is invariably affected by 


particle size, energy loss/temperature generation and reinforcement are 
often a matter of compromise. 
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Fic. 5. Strain-amplitude dependence of dynamic parameters. 


4.5. Rationalisation 

In any presentation on carbon-black-grade selection it would be wrong 
not to consider grade rationalisation and the need to keep the number 
of grades down to a minimum. Carbon black is produced on a contin- 
uous process which operates to the best quality and economics when 
run for long periods at a steady state. The number of grades is extremely 
important from the bulk storage consideration as additional storage 
capacity requires additional capital expenditure. It is important to 
understand that modified pellet properties constitute a separate grade of 
carbon black equally as much as a modification to the analytical 
properties. 

With the introduction of any new type of carbon black it is essential 
that both the producer and user have identified sufficient gain in perfor- 
mance that the new grade can develop into a major market grade other- 
wise it will have no*long-term viability. 

With the introduction of any major new grade, most producers, due 
to their limited storage capacity, must also look to the elimination of 
one of their major existing grades. For this reason, it is essential that 
any compounder must keep well aware of any market trends, designing 
new compounds on viable grades and modifying compounds away from 
grades which are in danger of elimination. 
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5, FUTURE PROSPECTS 


5.1. General : 

Carbon black will continue to be an essential raw material for the 
rubber industry into the indefinite future. Modern transportation 
systems depend on tyres, and tyres depend on carbon black for reinfor- 
cement. While carbon blacks have been partially replaced by other 
fillers in certain applications, there are no known substitute materials 
which can satisfactorily and economically replace carbon black in tyre- 
tread compounds. Growing demands for improved tyre-tread life, 
greater road holding and better fuel economy will increasingly require 
the versatility in rubber performance afforded by carbon blacks. 


5.2. Production 

‘The oil-furnace process will continue to be the primary means of pro- 
ducing carbon black. Further improvements are expected in areas of 
greater plant efficiency, energy conservation and reduced air pollutants 
from stack emissions. Automated control systems are expected to 
become more sophisticated as efforts to maintain uniform quality levels 
continue. Continuing technological advances are expected to further 
broaden the versatility of the oil-furnace process and lead to new pro- 
ducts for tomorrow’s needs within the rubber industry. 


5.3. Application Areas 

The general market distribution for carbon black from thé year_1910 is 
shown in Fig. 6. It can be seen that since around 1960 the market share 
of rubber and non-rubber uses has been stable. This is also generally 
true of the carbon black split between tyre and non-tyre rubber applica- 
tions. In future years it seems likely that with new developments, both 
non-rubber uses and non-tyre rubber uses will grow somewhat faster 
than the usage in passenger car tyres. Plastics, for example, are becom- 
ing a significant application for carbon black. Some plastics applications 
require grades of higher surface area, higher surface oxygen content, or 
higher electrical conductivity than those used in the rubber industry. 
Rubber-extended paving asphalt is under test. If adopted, this could 
consume large quantities of carbon black. Smaller cars in the USA, 
rising petrol prices, and longer-wearing tyre designs and compounds 
world-wide seem likely to moderate the consumption growth rate of 
carbon blacks in car tyres. Usage in truck and off-the-road service 
should continue to grow in line with general economic conditions. 
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Fic. 6. Carbon-black market distribution. 


5.4. Grade Distribution 

The USA production of carbon blacks by process and by general grade 
type is shown in Fig. 7. The carbon-black grade distribution has 
changed as process*innovations and new consumer requirements gave 
rise to new improved qualities. The new technology blacks have been 
most popular in the N300 range. This is reflected in the surge of the 
HAF grades at the expense of ISAF in the early 1970s. By 1977 this 
trend had begun to reverse itself as certain tyre producers have moved 
to N234 black to meet treadwear requirements in critical tyre designs. 
N200 grades are expected to maintain a significant market share as 
N234 and possible longer-wearing grades are adopted where needed. 
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N600 grades have also increased significantly since 1965. N660 has 
largely replaced the gas-furnace HMF black, N601. Also, GPF-HS, 
N650, has replaced FEF black in several important compounding areas. 
Further increases in the GPF types are forecast, with this growth 
coming at the expense of thermal and SRF types as well as FEF. 


5.5. New Products 
Work is already well advanced to produce a series of carbon blacks 
having improved resilience without loss in treadwear. This development 
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is expected to lead to a new series of commercial carbon blacks for the 
tyre industry. Research is continuing for the development of longer- 
wearing carbon blacks. A new black giving 5-10°% longer treadwear 
than N234 is very possible. New grades are also probable for improved 
tear and chipping resistance in off-the-road tyre service and truck tyres. 

For the non-tyre market future products are anticipated in the areas 
of highly conducting carbon blacks. Recently a black has been in- 
troduced which has outstanding electrical properties enabling high con- 
ductivity to be obtained by addition of only a few parts per hundred of 
polymer. The main use so far has been in plastics but this black could be 
particularly beneficial in antistatic fireproof compounds. 

Also in the non-tyre field further reductions in the thermal and 
lampblack availability will increase demand for oil-furnace-based 
alternatives. 


5.6. Reclaimed Carbon Black 

Reclaim of oil, carbon black and metal from scrap tyres by pyrolysis*? is 
currently under investigation and could become a commercial reality. 
The black compounded in the scrap tyre is a blend of reinforcing and 
semi-reinforcing type dependent on the original tyre manufacturer, the 
type of tyre, and the extent of treadwear. The final product from 
pyrolysis is therefore not uniform in its properties and additionally con- 
tains carbonisation products from the rubber and a high ash content. 
The carbonisation products tend to cement carbon-black aggregates 
together, hampering good dispersability. At the current state of the art, 
the recovered black does not appear to be a practical reinforcing filler 
but considerable effort is being expended on improving the recovery 
process and superior properties have been claimed. 


5.7. Carbon Black Handling—Pellet Properties 

Due to the requirements of increased efficiency, lower cost and 
improved working environment many small and intermediate-size com- 
panies are installing bulk-handling systems. These can be mechanical or 
pneumatic in operation and they vary in their attrition of the carbon- 
black pellets. 

In order to minimise the amount of breakdown, customers with * high 
attrition’ systems require a very stable pellet but all users require a 
pellet which will disperse well during the Banbury mixing cycle. A com- 
promise situation will be required. 
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Chapter 5 


SILANE-TREATED MINERAL FILLERS 
IN RUBBERS 


EDWIN P. PLUEDDEMANN 
Dow Corning Corporation, Midland, Michigan, USA 


and 


BRYAN THOMAS 
Dow Corning Corporation, Barry, UK 


SUMMARY 


Low-cost mineral fillers have been upgraded with organofunctional silanes 
to obtain creditable performance as reinforcing fillers in rubber. 

Silane-treated fillers generally have improved dispersion in the 
compound, and may modify the rate of cure, but the primary advantage of 
the treatment is related to interfacial adhesion between polymer and filler. 
Initial tests on adhesion suggest that properties of mineral-filled rubbers 
might be improved even more if greater adhesion were obtained at the 
interface. This improved adhesion requires a silanol-modified resinous 
phase at the filler surface. Some degree of resinous nature (reduced mobi- 
lity) is probably imposed on rubber molecules bound to high-energy sur- 
faces, but it is possible that total performance could be improved still more 
by selecting a silane, or a silane-modified resin precursor that will provide 
a high degree of adhesion between rubber and mineral as demonstrated by 
microscope-slide adhesion tests. 


1. INTRODUCTION 


Although mineral fillers have been used in organic rubbers for many 
years, their total application has been small compared to carbon blacks. 
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Low-cost minerals are not such effective reinforcing fillers as carbon 
black, and high-surface silicas that are good reinforcing fillers are more 
costly than carbon black. Only in silicone rubbers have costly high- 
surface silicas become the standard reinforcement. 

During the last few years the carbon-black industry has been severely 
affected by the energy situation, and the end is not in sight for energy- 
related products. For example, thermal black, a natural-gas product, has 
become a premium commodity, and is no longer the cheap extender 
pigment of a few years back. Its use is now principally in products where 
its unique properties are essential. Oil-furnace grades of carbon black 
have increased in price but not to the point of satisfactory profitability, 
so further increases are anticipated. 

Precipitated silica pigments, although not petrochemical-based like 
carbon blacks, are energy-sensitive because of the power requirements 
necessary for reacting, precipitating and drying. Clays and calcium car- 
- bonates, being much less energy-dependent, are not as susceptible to 
sharp price increases. Energy requirements for the various fillers are 
listed in Table 1.’ : 


TABLE 1 
Energy requirements, 1978 Price, 
, BTUs/Ib $/lb 
Carbon black—soft ~ 37 800 0-25 
Carbon black—hard 50.000 0-28 
Carbon black—medium thermal 58 300 ee OF 
Calcined clay 5 800 ~ $20 
Silane-treated clay 1 700 0:20 
Precipitated silica 13 500 ~ 0-44 


Clays and calcium carbonates are among the most abundant ‘and 
lowest-cost minerals on earth and need only to be mined and 
beneficiated to make them suitable for use by the rubber industry. 

It is anticipated that these materials will play a much larger role in 
future rubber technology. Calcium carbonate is not a reinforcing filler, 
and is used only as an extender as in blends with soft carbon black to 
replace thermal blacks. 

Fine particle silica has chemical reactivity with free radicals compar- 
able with that of carbon black. Formation of bound rubber is compar- 
able when these two fillers are milled in SBR or butyl rubber. It appears 
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that a fine particle silica undergoes chemical filler/polymer interaction 
similar to HAF carbon blacks in rubber formulations.” 

Much effort has been expended in up-grading low-cost mineral fillers 
by treating them with reactive silanes in order to obtain a cost-effective 
replacement for carbon black. Although much progress has been made 
in formulating rubbers with silane-treated mineral fillers it is believed 
that significant improvements can still be made in present systems. As 
the pressure continues on energy and carbon-black costs, there will be 
greater incentive to develop  silane-modified mineral fillers as 
replacements. 


2. CONCEPTS OF RUBBER REINFORCEMENT 


2.1. Rubber/Filler Bonds 

It is generally agreed that stong links exist between rubber chains and 
reinforcing-filler particles. By participating in crosslinking, the fillers 
become coated with a layer of bound rubber of higher modulus than the 
more remote rubber matrix.* 

The effect of a strong chemical bond between matrix and filler on 
tensile properties of filled urethane rubber was demonstrated by com- 
paring glass microbeads (poor adhesion) with a ground epoxy resin 
(good adhesion) as filler.* Tensile failure in the rubber was preceded by 
vacuole formation in the matrix. Thin films at the filler surface then 
ruptured and continued to fail through a peeling mechanism. A soft 
matrix at the filler surface facilitated vacuole formation at lower stresses 
resulting in poor strength. Fillers surrounded by a higher-modulus layer 
of polymer slowed vacuole formation and resisted initial dewetting and 
peeling. Fillers that do not provide extra crosslinking and do not bond 
to the rubber are non-reinforcing fillers or extenders. 


2.2. Surface Treatment 
Surface modification of mineral fillers with ‘coupling agents’ in rubber 
has generally been directed towards improved mechanical properties of 
the composite as related to improved adhesion across the interface. 
Although adhesion is central to any ‘coupling’ mechanism, it is 
recognised that many factors are involved in the total performance of a 
composite system. The interface, or interphase region, between polymer 
and filler involves a complex interplay of physical and chemical factors 
related to composite performance as indicated in Fig. 1. 
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MECHANICAL STRESS 


on 


Fic. 1. Interrelationships in composites. 


It is recognised that the total coupling mechanism involves all-of these 
areas and that they are interrelated. Under ideal conditions a treated 
filler will.wet-out and disperse readily in the polymer under conditions 
of Newtonian flow. The treatment protects the filler against abrasion 
and cleavage during mixing and in the final composite. The treatment 
promotes optimum alignment of polymer segments at the interface and 
overcomes inhibitory_catalytic effects the filler may have on polymer 
cure. The treated filler should remain chemically inert with the polymer 
during mixing but Ug e with the polymer during the | final cure or 
moulding operations.° -. 


3. RHEOLOGY 


3.1. Need for Control 

Control of the rheology of filled-resin systems is of such great practical 
significance in the fabrication of composites that it may outweigh the 
adhesion promotion of silane coupling agents in importance. Complete 
dispersion of particulate fillers in the polymer~is necessary to eliminate 
voids or clumps of particles that will act as weak points in the compo- 
site. A minimum viscosity is desired in order to incorporate as much 


low-cost filler as possible, and still obtain adequate flow or handling 
properties. 
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Although there have been references to improved processing condi- 
tions and increased flow rates attributed to silane modification of 
mineral-filled rubber,° it is only recently that a systematic study has 
been made on the effect of silane modification of mineral fillers on the 
viscosity of filled polymers.’ 


3.2. Effect of Water 

All hydrophilic mineral fillers and reinforcements have water absorbed 
on their surfaces which hinders dispersion of the filler in an organic 
matrix. Water acts as an adhesive to cement ultimate particles together. 
If the particles are separated by mechanical shear, they reagglomerate in 
the absence of something to hold them apart.’ 

Dispersion of such fillers in polymers may be improved by pre-drying 
the filler, or by removing water from the filled compound by milling on 
heated rolls or by heating in a closed mixer under vacuum. It is very 
difficult, however, to remove surface water from commercial hydrophilic 
minerai fillers, and totally impractical to store dry fillers in sealed con- 
tainers to prevent redeposition of water. 


3.3. Dispersion-promoting Additives 

It would be very desirable to have additives available that would be 
effective at low concentrations to give good dispersions of commercial 
fillers directly into rubber bases. Such a dispersant additive will be an 
ambi-functional molecule that is compatible with the polymer and has 
functional groups that can bridge to adsorbed water or even to the 
filler’s polar surface. A convenient way to study dispersion-promoting 
additives is to measure their effect on the viscosity of filled liquid resins. 

Filler/matrix interactions in coating systems were shown to be 
influenced by acidity or basicity of the filler and resin and of the solvent 
used to deposit filled-polymer coatings. An acid/base interaction be- 
tween polymer and filler was necessary for adsorption of polymer. 
Acidic or basic solvents tend to compete for the polymer or the filler 
and may assist or prevent adsorption of polymer.? 

More recently it was shown that minor amounts of polar additives 
with a compatible, reactive organic group might assist or compete with 
acid/base interactions in filled, solvent-free polymer systems.’ 

Fillers may be classified as acidic (silica), slightly basic (alumina trihy- 
drate), or basic (calcium carbonate), according to the isoelectric point of 
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the mineral in water. Silane additives may also be described as acidic, 
neutral or basic (cationic) in their reactivity with surfaces: 


1. Pre-hydrolysed silane = acidic additive, e.g. CH3Si(OH)); . 

2. Monomeric silane = neutral additive, e.g. CH;Si(OCH3); . 

3. Aminofunctional silanes = basic additive, eg. H,NCH,CH, 
NHCH,CH,CH,Si(OCH;); (Z-6020®). 

4. Titanates and aluminum alkoxides = Lewis acids and catalysts for 
alkoxysilanes, e.g. Ti(OBu),, Tyzor® TBT. 


3.4. Effect of Additives on Viscosity 

Sufficient filler was mixed with mineral oil (prototype of hydrocarbon 
rubbers) or with silicone fluid (prototype of silicone rubbers) to give a 
pourable viscosity. The designated additives were stirred thoroughly 
into portions of the above mixtures and viscosity measured again. The 
_additive effect was calculated as the percentage change in viscosity— 
either increase or decrease. 

Since it is expected that weak van der Waals’ forces between hydro- 
carbons or silicones and fillers are not strong enough to displace water 
from a hydrophilic surface it is not surprising that addition of polar 
additives generally caused a marked reduction in viscosity of the filled 
fluids. The effect of additives on viscosities of three filler dispersions in 
mineral oil are shown in Table 2. 


~ 


TABLE 2 
* VISCOSITY CHANGES IN FILLED MINERAL OIL (°%) — x 

21% 50% = yee 
0-4°% Additive based on filler SiO, Al,O; °3H,O CaCO; 
None (control), cP 25.000 22 100 40500 ** 
Undecenoic acid —35 —93 —93 
1-decanol —38 —48 — 49 
l-aminohexane — 68 — 56 —54 
Ti(OBu), —69 —95 —95 
Monomeric CH;Si(OCH3;); — 56 —90 —59 
Pre-hydrolysed CH3Si(OH); —85 —95 —97 
9/1 CH3Si(OCH;);/TBT — 64 ~ —92 —85 
Z-6020® (aminosilane) —76 —70 —79 


® Z-6020 is a registered trade name of Dow Corning Corp. (USA). 
Tyzor is a registered trade name of du Pont de Nemours and Co. (USA). 
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Similar dispersions of fillers in a silicone fluid were modified by polar 
additives as shown in Table 3. The silicone fluid was an end-blocked 
polydimethylsiloxane with a viscosity of 500 cP. 

TABLE 3 


VISCOSITY CHANGES IN FILLED SILICONE FLUID (%) 


40%, 60% 46% 

0-4 %, Additive based on filler SiO, Al,O;3 °3H,O CaCo; 
None (control), cP 90 000 20000 64000 
Monomeric CH3Si(OCH3;)3 —75 —16 —93 
Pre-hydrolysed CH3Si(OH); —8&4 +45 —92 
9/1 CH3Si(OCH3)3/Ti(OBu), — 86 — 38 —98 
Z-6020 (aminosilane) —95 0 —87 
Undecenoic acid —51 — 64 —93 
1-butanol — 40 +55 —67 
l-aminohexane | -. —92 —2 —74 
Ti(OBu),4 —90 —72 —97 


SiO, = Minusil® 5, Pennsylvania Glass Sand (USA). 
Al,O; °3H,O = GHA-332®, Great Lakes Minerals (USA). 
CaCO; = Gama Sperse® LV-10, Georgia Marble Co. (USA). 


As expected, almost any polar additive was effective in reducing the 
viscosity of dispersions of all fillers in mineral oil or silicone fluid. In 
general, basic additives were best with an acidic filler (silica) while acidic 
additives were best with basic fillers. Alumina trihydrate in silicone fluid 
produced some anomalies. Alcohols and some silanes actually increased 
the viscosity. The best silane modifier was a 9/1 mixture of monomeric 
methyltrimethoxysilane and butyl titanate. Butyl titanate itself is an 
effective modifier for control of rheological properties, but in the silane 
mixture its major function may be to catalyse the condensation of alk- 
oxysilane with water or hydroxyl groups on the filler surface. Alumina 
trihydrate is also unique in silicone dispersions in that, even without a 
modifier reasonable” viscosities are obtained with relatively high filler 
loadings. 


3.5. Pretreatment of Filler 

Pretreatment of filler with alkoxysilanes or mixtures of alkoxysilanes 
and a catalyst is approximately equivalent to the use of the same 
modifiers as additives. Butyl titanate is completely ineffective as a pre- 


190 EDWIN P. PLUEDDEMANN AND BRYAN THOMAS 


treatment for silica in silicone fluid even though it is very effective as an 
additive. When used as an additive, it is probable that only one or two 
butoxy groups hydrolyse, leaving an oleophilic butoxytitanyl surface 
modification on the filler. When the filler is pretreated with butyl titan- 
ate the treated surface continues to hydrolyse in air with loss of butanol 
giving a hydrophilic TiO-modified surface. When alkoxysilanes or 
silane-catalyst mixtures are used in pretreating fillers, the alkoxy groups 
hydrolyse completely leaving a stable oleophilic- organofunctional sili- 
cone layer on the filler. Pretreatment of silica with non-catalysed 
methyltrimethoxysilane is not effective because the volatile monomeric 
silane is lost before it condenses with the filler, leaving an untreated 
surface (Table 4). 


TABLE 4 


VISCOSITIES OF SILICA-FILLED SILICONE FLUID (SILICA PRE- 
TREATED WITH MODIFIER AND DRIED IN AIR) 


Pretreated filler 50% Silica (cP) 
None > 100000 
05% CH3Si(OCHs)s; > 100000 
0:3% Ti(OBu),4 > 100.000 
05% 9/1 CH3Si(OCH3)3/Et,NH 7000 
0:5°%(CH3)3SiNHSi(CH3)3 5 500 
4. FRACTURE ~ 


~. 


Improved adhesion between resin and filler may not result-in improved 
mechanical performance of composites if stresses across the interface 
result in filler fracture before the interface fails. Glass fibres .are 
especially sensitive to failure from flaws initiated by scratching against 
each other during fabrication, into composites. One of the major func- 
tions of silane finishes is to protect glass fibres against scratching during 
fabrication. 

In composites of rigid resins, it has been observed that silane treat- 
ment of fillers with a Moh hardness of 3 or less is*ineffective in improv- 
ing mechanical strength, since cleavage will occur in the filler before 
failure at the interface.° 

Silane treatments on clay (Moh hardness = 2-5) have provided 
significant improvement in mechanical properties of filled rubbers, but it 
is likely that talc (Moh hardness = 1) would not show similar improve- 
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ments with silane treatment because of the greater ease of particle 
cleavage. 


5. CATALYSIS 


5.1. Cure Inhibition 
Fillers are known to have varying degrees of catalytic effect on ther- 
mosetting resins but generally inhibit their cure.!° Inhibition is 
especially severe in resins cured by free radicals at low temperatures. 
Inorganic hydroxyl surfaces terminate free-radical reactions by electron 
transfer to the mineral surface. The resulting mineral free radical is not 
active enough to initiate another radical chain reaction, resulting in a 
net termination of chain growth. At temperatures approaching 150°C 
the mineral free radicals appear to have sufficient activity to initiate new 
radical chain reactions such that total polymerisation is possible. 
Silane treatments on mineral surfaces generally block the inhibitory 
reactions in both free-radical and epoxide cures. The performance of a 
silane-treated mineral in a resin composite generally parallels the degree 
to which the uninhibited reaction is allowed to proceed. 


TABLE 5 


CLAY-FILLED RUBBER FORMULATIONS 


Natural SBR Nitrile 
Formulation (SMR-5) (1502) (FRN-S02) 
Rubber 100 100 100 
Clay 50 60 70 
Zinc oxide 5 4 5 
Stearic acid 1S pe 2 
Sulphur 2-5 1-4 O29 
Plastogen® 5-0 — — 
Sunolite®-240 1:5 — 10 
Thermoflex A 1-0 — = 
TMTD 0:5 — 3-0 
Santocure®-NS 1-0 = = 
Circolite® oil — 10-0 5d 
PBNA -— 1:0 1:0 
Flexamine®-G — 1-0 ns 
MBT — 0:8 a 


Di-o-tolylguanidine — 0-3 — 
DOP — — 10-0 


192 EDWIN P. PLUEDDEMANN AND BRYAN THOMAS 


5.2. Effects on Rubber Cure 
In some systems (e.g. urethanes and sulphur-vulcanised rubber) certain 
minerals and certain silane-treated minerals may even catalyse the cross- 
linking reaction to rates higher than those of unfilled systems. 

It is expected that peroxide-cured rubbers will respond to fillers and 
silane-treated surfaces much like peroxide-initiated polyester cures. 


TABLE 6 


VULCANISATION CHARACTERISTICS OF RUBBER RECIPES 


Mooney viscosity data Rheometer data 
0:5 % Silane on clay viscosity? M3°. MI18° t* togn 
; Natural 
Control (no Silane) 13 22:6 23-8 “ 1S 
Chloropropyl 12 26:7 28-5 1S  9-One® 
Mercaptopropyl 17 245 26:2 eS 9-0 
Isothiuronium chloride’ 13 24-9 268 7 8-5 
Diamine? 18 22:4 PB, 7 8-5 
SBR 

Control (no Silane) 38 120 149 14 46 
Chloropropyl r 29 125 161 16 D2 

* Mercaptopropyl is ail 103 130 14 48 
Isothiuronium chloride! 33 101 pI 13 33 
Diamine? 36 94 110 £3. 34 

: = 
Nitrile 

Control (no Silane) 36 15-4 22:4 ‘ie 11 
Chloropropyl 38 169 25:1 3 10 
Mercaptopropyl 39 15-1 22:5 3 10.3 
Isothiuronium chloride’ 34 19-8 28:8 5 12 
Diamine? 45 Bey 25:3 2 12 


“ Viscosity after 4 min at 100°C. 
’ M3 = Mooney scorch at 121°C (min). 
‘ M18 = Mooney cure at 121°C (min). 
4 ty = Rheometer scorch at 150°C (min). . 
* too = Rheometer cure at 150°C (min). 
f Isothiuronium chloride (QZ-8-5456®, Dow Corning Corp., USA): 
ea: 
(CH3;0); —Si—CH,CH,CH, —S—C Ole 
\NH, 
* Diamine (Z-6020®): (CH3;0); —Si—CH,CH,CH,NHCH,CH,NH, 
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Since rubbers are vulcanised at relatively high temperatures the effect of 
surfaces on rubber cure will not be severe. 

Numerous investigators have reported the effects of silane-treated 
fillers on the rate of cure of sulphur-vulcanised rubbers. Curative adjust- 
ments may be necessary for rubbers in which clays, silicas or carbonates 
are substituted for carbon blacks.’ Similar modifications may be neces- 
sary with a given mineral filler having different silane modifications. 
Three clay-filled rubber formulations described in Table 5 were 
examined for scorch times and cure times with four different silane 
treatments on the clay’ (Table 6). 

An inert silane like 3-chloropropyl generally gave increased scorch 
time and cure time compared to untreated clay. The 3-mercaptopropyl 
silane caused less change in cure than the other reactive silanes. The 
amino-functional silane caused rapid scorch and cure with SBR (con- 
taining DOTG accelerator), but was much like the control in natural 
and nitrile rubbers. 

Silica-filled SBR formulations with various curative systems were 
compared with two silanes added during the mixing operation instead of 
pretreatment on the filler (Table 7). In all cases, addition of silanes 
increased the rate of vulcanisation. 


TABLE 7 


SBR/SILANE RECIPES 


Silanes Controls 

Ingredients 1 ) 3 4 5 1 2 ) 4 5 
SBR 1502 100 100 100 100 100 100 100 100 100 100 
Hi-Sil® 233 60 60 60 60 60 60 60 60 60 60 
Z-6062%" 0-9 — _ 0-9 - 
QZ-8-5456& — 1:8 1-8 — 1:8 
ZnO 4 4 4 4 4 4 4 4 _ 4 
Sulphur 15 1:5 1:5 1:5 1:5 1:5 1-5 1-5 1:5 
MBTS 1-5 1:5 1:5 1:5 1-5 1-5 1:5 1:5 1:5 
DOTG 1-5 plid 1:5 £5 
TMTD O25 25 = 025" 025” O25" 025° 0:25" “0:25. 0:25 
Trimene® 102 1-02 1:02 
Stearic acid 2 2 2 2 2 2 2 2 2 


t, (scorch), min 40 30 90 20 35 75 50 150 40 
too (cure), min 100 50 60 8&5 70 120 90 925 140 


SSS /Ou eee 
26™60 ! aa 
Non 


¢ Z-6062® = mercaptopropyl silane. 
> QZ-8-5456® = Isothiuronium chloride silane. 
Vulcanised at 150°C. 
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6. PERFORMANCE 


6.1. In Rubber Compounds 

Commercial silane-treated clays were compared by Pinter and McGill’ 
with untreated clays in EPDM formulated to 65 durometer. Fillers used 
in this study are described in Table 8, and rubber properties in Table 9. 


TABLE 8 
Clay Trade name® ~—‘1978 Price, $/lb 
Soft iw Paragon 0-0416 
Hard Suprex 0-0364 
Delaminated Polyfil DL 0-1430 
Calcined Polyfil 70 0-1950 
Waterwashed, hard Polyfil HG90 0-1495 
Mercaptosilane, hard Nucap 100 0-1560 
Mercaptosilane, hard Nucap 200 0-1950 
Mercaptosilane, water-washed, hard Nucap 290 0-3380 . 
Aminosilane, hard Nulok 321 0-2600 


Aminosilane, water-washed, hard Nulok 390 0-3640 
® J. M. Huber Corp. (USA) 


The silane-modified- clays provide higher 200°, modulus, lower 
hysteresis, improved flex and tear resistance with reasonable good ten- 
sile strengths, and improved retention of tensile strength after ageing in 
an oxygen bomb. sae 

The performance of silane- modified mineral fillers in rubbers was 
reviewed by Ranney et al.'? Fillers may be pretreated with silane, or the 
silane may be added during mixing of the rubber formulation. 

6.2. Importance of Matching 

The importance of selecting aicoupling agent with an organofunctiona- 
lity complementary to the curative/polymer is demonstrated in 
Table 10. In these formulations, 1 phr of each silane indicated was in- 
troduced during filler addition on a two-roll mill and the properties 
were determined by standard methods. In pefodxide-cured EPDM for- 
mulations, saturated silanes are ineffective due to lack of reactivity in 
free-radical systems. Unsaturated silanes are effective in the order of 
their reactivity with free radicals; e.g. a methacryloxypropy]l silane is 
more effective than a vinyl silane. 
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TABLE 10 


RESPONSE OF SILANES AS A FUNCTION OF CURATIVE IN EPDM 
COMPOUNDS 


300°% Modulus, psi 


Sulphur-cured Peroxide-cured 
EPDM, EPDM, 
Silane monomer talc filled clay filled 
Control, no silane 490 420 
Amyl 430 410 
Vinyl 430 1110 
Mercapto 790 1200 
Amino 790 1440 
Methacryloxypropyl — 1660 


The intermediate performance of mercaptosilanes and aminosilanes i8 
attributed to their activity in chain transfer reactions. 

In the sulphur-cured EPDM system, the mercaptosilane and amino- 
silane appear to be able to participate in the cure mechanism much better 
than saturated or unsaturated silanes. The mechanism of their reaction 
in the sulphur cure is not as clear as it is in free-radical cures. 

.An aminofunctional. silane was tested at 1 phr with six different fillers 
in a polymer blend of EPDM, SBR and NR (Table 11). The silane 
alone, in the absence of filler, had a modest effect on rubber modulus 
indicating that it influenced the vulcanisation to provide a higher state 
of cure. Several fillers showed a similar increase in 300° modulus with 
added silane, but improvement in tear strength indicated variations in 
the degree of response. The silica showed greatest improvement, the two 
clays responded differently, and TiO, responded rather well to the 
silane. 


7. ADHESION AND REINFORCEMENT 


7.1. Anomalies of Silane Treatment "2 

Although silane-modified minerals show rather creditable properties as 
reinforcing fillers in various rubbers, the nature and extent of adhesion 
between rubber and filler remains somewhat of a mystery and clouded 
by contradictions: 
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1. Silanes that convert silicates like clay into reinforcing fillers in 
rubber do not promote good adhesion between similar rubbers and 
plane mineral surfaces. Silanes that are effective in particulate resin 
composites do improve adhesion of the same resins to plane metal 
or glass surfaces. 

2. Silane treatments on clay that are effective in rubber do not im- 
prove mechanical properties of clay-filled expoxies or polyesters. 
The poor showing of treated clay in rigid resins has been attributed 
to cleavage within the clay particle when stressed in a rigid matrix. 

3. Theoretical concepts of adhesion suggest that the total perfor- 
mance of organic/inorganic composites may be related to polymer 
morphology that has a minimum in the et sea range even with 
optimum chemical modification of the interface.’ 


The, apparent contradictions of rubber adhesion as related to rubber 
reinforcement are resolved if it is recognised that a large concentration 
of high-energy surfaces may modify adjacent rubber molecules so as to 
reduce polymer mobility and provide a resinous layer for bonding at the 
interface. Under such conditions, concepts that have been used in mod- 
ifying the interface in mineral-reinforced thermosetting resin composites 
may be applied to mineral-reinforced vulcanised rubbers. 


7.2. Recommendations for Other Usage 

Limited studies of silafies with vulcanised rubber show enough similar- 
ity es thermosetting resins that certain recommendations may be 
made:! ra 

1. A silane should be selected that will combine chemically with the 
rubber during vulcanisation. 

2. Performance will improve with increased crosslinking at the 
interface. 

3. The silane may be applied separately to the mineral or added as an 
integral blend during compounding of the rubber. 

4. Hydrolysable groups on silicon will provide silanol groups for 
bonding to the mineral, and will be effective on the same minerals 
that respond to silanes in reinforced plasti@. ~ 

5. Although only modest improvement in adhesion to vulcanised 
rubber is provided by thin layers of silanes on plane surfaces, there 
should be some correlation between peel strengths of vulcanised 
rubbers on silane-treated glass surfaces and the performance of the 
same silanes on reinforcing mineral fillers. 
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7.3. Peel-strength Testing 
Several typical rubber formulations were vulcanised against silane- 
treated glass microscope slides and tested for peel strength. The rubbers 
were commercial compounds of undisclosed formulation: natural (tyre 
tread), SBR (tyre tread), nitrile (hose and belts), neoprene (hose, belts 
and gaskets), EPM and EPDM (sulphur) (ignition-wire insulation) and 
Hypalon® (ignition-wire jacket). 

Microscope slides were dipped in 1°% aqueous silanes and dried at 
room temperature. Non-reactive silanes were selected to contribute 
varying degrees. of surface energy for bonding through dispersion forces. 


TABLE 12 


ADHESION OF VULCANISED ELASTOMERS TO GLASS (GLASS TREATED WITH 
1°% AQUEOUS SILANE) 


Peel strength, ppi 


EPDM 
Silane functionality SBR a eee 
(cure) (Sulphur) (Peroxide) (Sulphur) 
No silane (control) nil nil nil 
Non-reactive silanes 
Propyl nil 0-1 0-7 
3-Chloropropyl 0-1 0-1 Hast 
Phenyl 0:7 0:2 09 
Chlorophenyl 0-4 0-2 3 
Dibromophenyl 0-1 nil 155 
Carboxyphenyl 0-4 0:2 2-4 
Reactive silanes 
Vinyl 0-9 1-1 a2 
Methacryloxypropyl 0-1 2:9 46 
Aminopropyl 1-1 EAI SHI 
Diamine jle72 13 3:5 
Mercaptopropyl 3-0 1:8 8:5 
Isothiuronium chloride 6:3 1:0 29 
Cationic styryl 2:0 20(c) 20(c) 


(c) = Cohesive failure in the rubber. 


® Hypalon is a trade name of Du Pont (U.K.) Limited. 
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Sulphur-cured SBR and peroxide-cured EPDM showed slight increases 
in peel strength with increasing surface energy of the silane-treated sur- 
faces, but none developed significant adhesion (Table 12). Sulphur-cured 
EPDM showed slightly better adhesion to almost all surfaces. 

Reactive silanes were also tested on glass with natural, nitrile, neo- 
prene and Hypalon® compounds. 

Chloropropyl-, vinyl-, and methacrylate-functional silanes on glass 
were only slightly better than the untreated surface for adhesion to most 
of the rubbers. The mercaptan- and aminofunctional silanes have been 
the preferred silanes on fillers in sulphur-vulcanised rubbers. The amine 
gave better adhesion to natural, nitrile and Hypalon® rubbers, while the 
mercaptan was better with SBR, neoprene and EPDM. The 
isothiuronium-functional silane appears to be fairly effective in bonding 
all rubbers—but especially SBR. A cationic styryl coupling agent was 
the best unsaturated silane and contributed true adhesion to EPDM 
and Hypalon® (Table 13). 


TABLE 13 


ADHESION OF VULCANISED ELASTOMERS TO GLASS (GLASS TREATED WITH 1% 
AQUEOUS SILANE) 


Peel strength, ppi 


Silane 
functionality - Natural Nitrile Neoprene Hypalon® 

No silane. 0-1 nil nil 2 
Chloropropyl 0-6 0:5 0-1 sree] 2 
Vinyl OF, 0-1 0-1 1-8 
Methacryloxypropyl 0:5 0-1 0-1 ~ 2-0 
Aminopropyl 1-4 0-1 0-1 6:0 
Diamine 4-4 8-0 BT 20(c) 
Mercaptopropyl 2-0 1:2 40 26-3 
Isothiuronium chloride 3:9 2:0 2:0 2B) 
Cationic styryl 4:8 SS 22 20(c) 


(c) = Cohesive failure in the rubber. 


7.4. Correlation of Peel Strength with Other Properties 

A hard kaolin clay (Suprex®) was tested in three rubber formulations as 
shown in Table 5. Silane-treated clay was dispersed in the rubber on the 
mill before adding the remaining ingredients. The compounds, with cure 
characteristics indicated in Table 6, were evaluated for selected mechan- 
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TABLE 14 


MECHANICAL PROPERTIES OF CLAY-FILLED RUBBER (CLAY TREATED WITH 1% 
AQUEOUS SILANE) 


Tsothiur- 
Chloro- — Mercapto- onium 
Silane on clay None propyl propyl chloride Amine 
Natural 
Peel adhesion, ppi nil 0-6 2:0 3-9 4-4 
300° Modulus, psi 1040 985 1480 1575 1655 
Tensile strength, psi 3435 3690 3885 3750 3925 
Elongation, % 585 585 540 515 520 
Tension set, % 43 43 41 37 38 
Compression set, % 8 7 6 5 6 
Bashore rebound, °% 59 53 64 65 67 
Tear strength, ppi 127 138 140 106 118 
SBR 
Peel adhesion, ppi nil 0-1 fe? 1-4 63 
300% Modulus, psi 285 280 400 405 370 
Tensile strength, psi 1120 1380 1505 1590 1720 
Elongation, % 925 1015 885 930 975 
Tension set, % 37 41 35 36 38 
Compression set, % 13 11 10 11 9 
Bashore rebound, % 46 47 48 48 48 
Tear strength, ppi 141 150 154 162 157 
Flex, JIS 10~? 337 567 259 370 520 
Abrasion resistance 100 130 155 169 140 
Heat build-up, °C 91° 103? 90° 78? 97 
Nitrile 

Peel adhesion, ppi nil 0:5 12 2-0 8-0 
300° Modulus, psi 1230 1355 1755 1770 2125 
Tensile strength, psi 3150 3255 3525 4060 3495 
Elongation, % 650 665 665 645 . 545 
Tension set, % SI 27 25 28 21 
Compression set, % 7 7 6 4 4 
Bashore rebound, °% 24 23 24 24 24 
Tear strength ppi 201 176 167 163 153 
Flex, JIS 10°? 49 102 104 75 36 
Abrasion resistance 100 122 141 137 166 
Heat build-up, °C 61° 98° 69 a7? 55 


* Sample blew out before completion of heat build-up test 
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ical properties by standard ASTM methods and correlated with 
microscope-slide adhesion tests (Table 14)."* 

It appears that reaction of organofunctional silanes with rubber types 
is specific enough that peel adhesion from glass correlates fairly well 
with mechanical properties obtained with the same silanes on clay filler. 

Increased adhesion, as indicated by peel tests, consistently improves 
certain mechanical properties in all rubbers, has little effect on some 
properties, and varies with the type of rubber in other properties. Each 
trend in properties is accentuated by increasing the level of silane treat- 
ment from 0:5% to 1:0%. 

Increased adhesion is accompanied by 


. 300% modulus: increase; 

. tensile strength: increase; 

. abrasion resistance: increase; 

. tension set: decrease; 

compression set: decrease; 

. heat build-up: decrease; 

. Shore A hardness: little effect; 

. Bashore rebound: little effect; 

. Mooney viscosity: +natural and nitrile, —SBR; 

. scorch and cure time: + natural and nitrile, —SBR; 
. elongation: +SBR, —natural and nitrile; 

. tear strength: +natural and SBR, —nitrile; 

. flex resistance: +SBR and nitrile, — natural; 

. heat ageing: better natural, poorer SBR and nitrile.~_ « 


— 
CaS ae ee 
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8. ADHESION TO BRASS 3 


Brass is unique among surfaces in providing good adhesion to sulphur- 
vulcanised rubber without primers or silane treatment. The brass plate 
must be of optimum composition (about 70°% copper), clean, and the 
rubber-vulcanising system must be adjusted to the brass with respect to 
reaction kinetics. ae 

The mechanism of adhesion of vulcanising rubber to brass appears to 
involve reaction of sulphur with both the copper and the rubber. 
Adhesion is developed even before the rubber cures and involves a 
resinous crosslinked layer at the metal surface. 
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8.1. Disadvantages 

Even though brass plate is the workhorse in achieving adhesion between 
rubber and metal, it suffers from some disadvantages. The green tack of 
rubber compounds to brass is low for rapid fabrication methods, the 
brass plate is very sensitive to surface oxidation that reduces rubber 
adhesion, and processing is quite costly. 

For this reason brass-plated steel is stored in closed, desiccated con- 
tainers whenever possible. In addition, thin coatings of synthetic tackify- 
ing resins are frequently applied to the surface to protect it against 
tarnishing. The resin diffuses into the rubber during cure and thus pre- 
sents a clean surface for the adhesive bond. 


8.2. Silane Primers 

Silane-modified tackifiers are effective primers for adhesion of thermo- 
plastic elastomers to mineral surfaces,’ but are generally ineffective 
with vulcanised rubber. Such primers are not needed to promote initial 
adhesion of rubber to clean brass, but they may serve some practical 
functions: 


1. They increase green tack with rubber compounds. 

2. They protect the surface against tarnishing. 

3. They improve the water resistance of the vulcanised rubber/metal 
bond. 


The tack adhesion of unvulcanised skim-stock rubber against primed 
brass panels is shown in Table 15. 
TABLE 15 


TACK OF UNCURED RUBBER TO PRIMED BRASS (2% DIA- 
MINE SILANE IN RESIN) 


Silane-modified Peel strength after 
resin in primer hand pressure, (lb/in) 
Unpritmed (clean brass) 0-5 
Picco® LTP-135 23 
Piccovar® L-60 3-5 
Piccoumarin® 422-R 40 


® Picco, Piccovar and Piccoumarin are registered 
trade names of Hercules, Inc. (Wilmington, Delaware, 
USA). 
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TABLE 16 


ADHESION OF VULCANISED RUBBER TO BRASS (LB/IN PEEL) (TESTED AFTER 6 H 
WATER BOIL) 


Age of surface before vulcanising 
(% Cohesive failure) 


Primer on brass lh 7 days 10 weeks 
None 15-1 (10) 5-6 (0) 1-0 (0) 
Z-6020® silane alone (poor) 
Picco® LTP-135 alone 8-2 (0) - 
°% 7-6020® in Picco® LTP-135  29-4(100) 22 (100) 12 (90) 
2°/ 7:6020® in Piccovar® L-60 233 (100) _17 (100) 15 (100) 


Adhesion of a commercial rubber skim stock (undisclosed formulation) 
against brass sheets was examined on fresh surfaces and after ageing in a 
laboratory atmosphere for up to 10 weeks. Initial adhesion of rubber to 
brass was generally good, but retention of adhesion after boiling-for 6 h 
in water varied with the history of the brass as shown in Table 16. 

Silane-modified tackifier primers on brass not only protected the sur- 
face against corrosion that is injurious to adhesion, but improved the 
water resistance of the bond between rubber and brass, even on clean 
surfaces. 


9. DISCUSSION 


Table 14 shows a general correlation of performance of silanestreated 
reinforcements in rubbers with bulk adhesion, as shown in microscope- 
slide adhesion tests. However, this is not the complete picture since none 
of the systems showed very strong adhesion in microscope-slide tests. It 
may be that reinforcement will not be improved by increasing adhesion 
over a certain minimum. Mineral surfaces treated with aminofunctional 
silanes develop strong adhesion to Hypalon® and _ chlorinated 
polyethylene’* rubbers. The cationic styryl-functional silane provides 
strong adhesion to EPDM rubbers. These combinations should be 
compared with less-reactive silanes in vulcanised compositions to deter- 
mine whether really strong adhesion to~filler gives superior 
reinforcement. 

Experience with adhesion of rubber to silane-modified primers on 
brass also suggests that another function of silanes may be to provide 
long-term resistance to deterioration of rubber properties in hostile 
environments. 


A khWN 
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Chapter 6 


PLASTICISERS 


G. Morris 
Curtagil Limited, Wokingham, UK 


SUMMARY 


Petroleum oils are the most widely used extenders and process aids for 
rubber and related polymers and it is now recognised that the correct 
choice of material can help the compounder in modifying properties of a 
component. 

With the increasing pressures on all natural resources it is helpful to be 
aware of the types of material that are available and how their composition 
influences the processing and characteristics of a polymer and its vulcan- 
isate properties. 

A discussion of composition of oils is included, together with a means of 
determination that can be carried out in an ordinary works laboratory, 
before indicating the general trends that can be observed when a polymer is 
compounded with the three main types of oil. 

The choice of an oil for a particular vulcanisate property such as low- 
temperature flexibility or good colour stability is also discussed prior to 
indicating the specific needs of a few individual polymers that are currently 
in use. 


1. INTRODUCTION 


The distinction between materials regarded as softeners, processing aids 
and extenders under the general heading of plasticisers is not a sharp 
one. Thus if we consider an oil, a small amount of it may act as a 
softener and a larger amount as an extender. Today, it is generally 
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accepted that a plasticiser at a loading of 5-20 parts per hundred parts 
of rubber (phr) is considered to be a process aid and that above 20 phr 
it is considered to be an extender. 

By far the most widely used materials for plasticising natural and 
synthetic rubbers are petroleum oils which really came into prominence 
in about 1951 when the first oil-extended SBR masterbatches were in- 
troduced in the United States. Mineral oil as an extender for SBR was 
described in some detail in 1944! in one of the many leaflets distributed 
at the time to those in Great Britain who were interested in the then 
new SBR. Because the material was not made in this country until many 
years later, the oil could not be added at the latex stage but had to be 
incorporated by soaking or milling. 

Since 1951, when the cold polymerised rubbers of Polymer Corpora- 
tion of Canada, and General Tyre Company of USA were introduced, 
the advantages of low-priced oil-extended grades of SBR have been 
‘much appreciated by users, and production has shown rapid increases. 
The normal grades are mixtures of 37:5 parts of oil with 100 parts of 
polymer, with the oil being added at the latex stage. Further oil may 
subsequently be added by the compounder with corresponding increases 
in. black levels to obtain optimum properties. 

Oil extension is now also applicable to ethylene-propylene rubbers 
and: also to natural rubber to increase its competitiveness against the 
synthetics. 


2. TYPES OF PLASTICISER a 


Before the rubber industry realised the benefits associated With mineral 
oils as plasticisers, many other materials had been considered and some 
still find a use today. Aside from the petroleum products they canbe 
categorised as pine-tar products, coal-tar products, organic acids, and 
esters incorporating other synthetic materials. 

The pine-tar products are excellent tack producers and have a long- 
standing use in the manufacture of many articles, including tyres. They 
give good pigment dispersion and contain phenolic substances which act 
as antioxidants. 

Coal tars were among the first softeners used in rubber but had the 
disadvantage of being acidic. Certain resins formed from them, for 
example the coumarone-indene type, had a steady usage and they are 
credited with improving tensile strength and imparting resistance to cut 
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growth. Their high brittle point and poor light stability are obvious 
disadvantages. 

In the early days of the industry, organic acids were of considerable 
interest as softeners and plasticisers but now they are only used to 
activate certain accelerators. For example, a small amount of stearic 
acid has long been a standard addition to natural rubber mixes, and it 
serves a similar purpose in most sulphur-vulcanisable synthetics. 

The ester-type plasticisers are widely used in polar polymers such as 
polyvinyl chloride, butadiene—acrylonitrile and neoprene, with PVC 
creating the largest single demand. They can also be used in less-polar 
rubbers where they offer good low-temperature properties but they are 
too expensive for general applications. 


3. PETROLEUM OILS 


In the early days, petroleum oils were regarded as inferior plasticisers, 
largely due to the variability of materials offered at that time. However, 
as the quality improved and the number of products increased it became 
obvious that they not only aided processing but were also useful in 
modifying properties. 

Rubber compounding oils serve four main purposes; 


1. They aid processing of the polymer during milling, mixing and 
extruding by providing lubrication of the rubber molecules. 

2. They improve the physical properties of natural and synthetic rub- 
bers such as elasticity, flex life and low-temperature performance; 
and also aid the dispersion of pigments resulting in improvements 
in tensile strength and abrasion resistance. 

3. They extend the rubber polymer giving, in effect, a larger volume of 
elastomer thus off-setting the need for larger production plants. 

4. They reduce the cost per pound of the finished rubber goods, pro- 
viding the cheapest source of raw material in a general rubber 
compound. 


» 


3.1. Types of Oil 

Commercial rubber oils are generally high-boiling petroleum fractions 
obtained after the more volatile petrol and heating-oil fractions have 
been removed by distillation. They resemble rubbers in that they have a 
wide distribution of molecular weight but do not follow the normal 
distribution curve as closely. 
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There are three principal types of rubber oil, namely aromatic, naph- 
thenic and paraffinic, and each is composed of mainly ring structures. A 
typical molecule contains unsaturated rings (aromatics), saturated rings 
(naphthenics) and side chains (paraffinics) (see Fig. 1). 


C G C—— C — 
XS Z 

Unsaturated Saturated Paraffinic 
aromatic rings naphthenic rings side chains 


Fic. 1. Typical molecule in oil. 


In an aromatic oil there is a preponderance of aromatic ring struc- 
tures, whilst in a naphthenic oil the predominant ring structures are 
those containing no double bonds. In a paraffinic oil, the main rings 
present are again saturated but there are fewer rings per molecule and 
there are larger numbers of side chains attached. The term ‘ paraffinic’ 
in this context is really a misnomer since the only paraffins present in a 
refined oil are waxes. 


3.1.1. Aromatics and Paraffinics 
These materials occur: together naturally, and after removal of light 
fractions by distillation they are separated by solvent extraction, the 
aromatic molecules being removed. After removal of the-solyent, the 
aromatic portion can be distilled to give a high-grade aromatic oil or 
left as a residue containing a high proportion of asphaltenes. The 
distilled grade will contain very few, if any, asphaltenes but quite a large 
number of heterocyclics, simply because of structural similarities.  .& 
Because they are removed by the solvent treatment, the non-aromatic 
lube fraction will contain very few heterocyclic structures and no asphal- 
tenes. However, this fraction, which comprises the paraffinic-type 
process oil, has to be further refined to remove wax which is a very 
expensive procedure. The total cost of this dewaxing step is not reflected 
in the price of paraffinic oils because of the value of the wax obtained. 


3.1.2. Naphthenics 
These oils are produced by distillation of selected naphthenic crudes, 
ensuring no asphaltenes will be present. Some heterocyclics will be pre- 
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sent among the ring structures but naphthenics oils by nature are 
wax-free. 

The types of crudes necessary to produce these naphthenic oils are 
becoming scarce and this scarcity will, no doubt, exhibit itself in the 
form of much higher prices in the future. This is already becoming 
evident, and some of the larger suppliers of rubber oils have only 
paraffinics and aromatics available. 


3.2. Analysis of Rubber Oils 

In order to determine the effects of the different types of oil it is ob- 
viously important to know what proportion of aromatics, naphthenics 
and paraffinics are present in a particular grade. To obtain an exact 
composition is impossible—only a few molecules have actually been 
isolated. However, from the physical properties of some synthesised 
high-molecular-weight materials it is possible to postulate what 
molecules may be present in an oil. 

The two methods: which are generally used for oil analysis are 


1. molecular-type analysis, and 
2. carbon-type analysis. 


3.2.1. Molecular-type Analysis 
This separates the oil into different types of molecules by adsorption on 
to silica gel or clays, etc., or by chemical means with acids such as 
sulphuric acid. The procedures are standardised under ASTM D 2006 
and 2007 test methods. 

These techniques separate the oil into four main groups: 


1. Non-hydrocarbon molecules. These contain nitrogen, sulphur, or 
oxygen and are also called heterocyclics or polar compounds. They 
have been shown to be responsible for the degradation of oil- 
extended polymers in storage and under elevated temperature con- 
ditions such as in drying operations. It is also suggested that they 
have an effect on vulcanisation rates. 

2. Aromatic molecules. These have more influence on rubber proper- 
ties than any other molecule and are generally present in the two- 
or three-ring form. They indicate the compatability of the oil with 
the rubber. 
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3. Saturated molecules. The saturates are highly inert, non-polar, and 
are not removed by the absorbants or acids. Comprising the satu- 
rated rings with attached paraffinic side chains they have very 
good oxidation stability and give good resistance to discoloration 
by heat and light. 

4. Waxes. These should not be present in high-quality oils, but lower- 
grade materials may have enough present to cause problems of 
blooming and sweat-out, because of their insolubility in rubbers. 
Use is made of this property to prevent ozone cracking. 


This type of analysis has been used to establish a classification system 
for extender and processing oils under ASTM D 2226 (Table 1). 


TABLE 1 


ASTM EXTENDER-OIL CLASSIFICATION 


Polar 
Asphaltenes, | compounds, Saturates, 
% max % max we 
sey pent: Highly aromatic 0-75 25 20 max 
Type II. Aromatic 0-5 12 20-1-35 max 
Type III. Naphthenic. 0-3 6 35-1-65 max 
Type IV. Paraffinic ~. 0-1 1 65 min 


~ 


3.2.2. Carbon-type Analysis - 
The disadvantage of molecular-type analysis is that it does not define 
the degree of aromaticity or amount of naphthenic character very ac- 
curately. For instance, an unsaturated ring structure would appear to be 
100°% aromatic by molecular-type analysis whether or not any of the 
carbon atoms were substituted with paraffinic side chains. If side chains 
were present then compatability with a rubber would obviously be dif- 
ferent from that with no side chains present. Carbon-type analysis gives 
a means of distinguishing these materials by: utilising the correlations 
obtained between the physical properties of. pure compounds and 
hydrocarbon oils containing many types of molecules. 

Such a correlation is that based on viscosity/gravity constant, or 
VGC, and refractivity intercept. This is independent of molecular weight 
and is based on physical data which is easily obtained in the laboratory. 


=~ 
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VGC, values of which are now normally given with other typical data of 
rubber oils, is a measure of aromaticity calculated from the equation 


10G — 1:0752 log (V — 38) 
10 — log (V — 38) 
where G = specific gravity at 15°C, and 


V = Saybolt viscosity at 38°C. 
Refractivity intercept is given by the equation 


VGC = 


Refractivity intercept = Nj° — 0-5d?° 


where N3° = refractive index at 20°C for the sodium D line, and 
d*° = density at 20°C. 


100 


h% PARAFFIN CHAIN CARBONS 


Fic. 2. Triangular graph. 
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When both these values, which are constant for any given oil, are 
determined, they are used on a triangular graph (Fig. 2) to indicate the 
proportion of carbon atoms in the aromatic, naphthenic and paraffinic 
structures. 

This can be applied with Tienes to Fig. 1. There are a total of 20 
carbon atoms, comprising 10 in the aromatic rings (or 50%), 7 in the 
naphthenic rings (35%) and 3 in the paraffinic side chain (15%). Ob- 
viously, this molecule forms a very simple one relating to the aromatic 
portion of the oil. There will also be present saturated molecules with- 
out any aromatic rings, and so the overall composition in terms of C4, 
Cy and Cp will be expressed as a percentage of the total number of 
carbons present in both the saturated and unsaturated fractions. 

Thus carbon-type analysis gives an estimate of the degree of aromati- 
city and it can be obtained from a few physical tests which are simple to 
perform. This method and molecular-type analysis are normally quoted 
..1n typical test data of rubber oils and both are useful to the compounder 
in comparing oils from different sources. 

Typical properties of the three types of rubber oil that are currently 
commercially available are given in Table 2. 


TABLE 2 


TYPICAL PROPERTIES OF RUBBER OILS 


= 


Paraffinic Naphthenic Aromatic 


Viscosity (cSt) “ # 

At 40°C 19-7 110-2 763-5 

At 100°C 40 8-0 - 17-0 
Specific gravity at 15°C 0-861 0-932 1-018 
VGC 0-809 0-885 0-980. 
Refractive index 1:4751 1:5167 15804 
Refractivity intercept 1-0457 1-0503 10721 
Carbon-type analysis 

Cx $3 21 45 

Cn 31-0 SW) 18 

Cp 65:5 42 37 
Molecular-type analysis, weight % le 

Asphaltenes 0 0 0 

Polar compounds 0-4 2:8 78 

Aromatics 12:1 42:8 80-0 

Saturates 87-5 54:4 12:2 


Aniline point, °C 96:0 75-0 38:2 
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4. COMPOUNDING EFFECTS OF RUBBER OILS 


The main use of petroleum oils in rubber is to aid processing, but the 
type of oil used can also modify the physical properties of the finished 
product. Therefore consideration has to be given to the processability of 
the raw or compounded polymer, the strength properties of the com- 
pound which give some measure of its quality, and the elastic properties 
of the product which give an indication of what may be expected under 
dynamic conditions. 

The following general trends are those recorded on SBR polymers 
since they form the main bulk of synthetic materials used, but they may 
be considered to hold good in the main for the other polymers in 
general use, some of which are highlighted later. 


4.1. Processability , 

Processing is defined as any compounding step commencing with 
mixing and ending at vulcanisation, and thus covers Banbury mixing, 
sheeting, calendering and extrusion. 

The addition of.oil at the mixing stage serves to reduce the overall 
viscosity of the mix to a workable level, reduce power consumption at 
high filler loadings, keep heat generation down and ease the dispersion 
of pigments. 

These are important criteria since they are contributory to reducing 
mixing time, increasing production and reducing power consumption. 

The time taken for an oil to form a cohesive mass with SBR is 
reduced as the aromatic content of the oil increases and its molecular 
weight decreases (Fig. 3). 

When fillers are also included in the mixing cycle the incorporation 
time for proper dispersion becomes important. For example, the disper- 
sion of carbon black is influenced by the amount of oil used, the seq- 
uence in which the oil and black are added, and the composition of the 
oil. Increasing the amount of oil decreases the degree of dispersion. This 
effect, which is more pronounced if the oil is added too early in the 
mixing cycle, has begn attributed to the decreased viscosity of the stock. 
To minimise this effect, the oil and filler should be added alternately to 
avoid drastic softening. 

At any given oil level, the degree of dispersion of the black is 
influenced by the type of oil used. It has been reported? that aromatic 
oils give the best dispersion, followed by naphthenic and paraffinic 
materials in that order. It was also evident that HAF black gave the best 
dispersions and SAF black the worst (Fig. 4). 
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Molecular weight 500 
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Molecular weight 350 


Oil take - up time , min 


| Molecular weight 410 


4 = 
| Paraffinic Naphthenic Aromatic 


| | | 
0.85 090 0.95 


Viscosity / gravity constant 


Fic. 3. Oil take up in SBR. 


Molecular weight 400 


. 


The same trend was observed whether the oil was added on an equal 
weight or an equal volume basis, although the effect was less marked 
where equal volumes were used. 

This effect, of the greater solvent power of the aromatic oil giving 
better dispersion, can possibly be attributed to the structural similarities 
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Fic. 4. Dispersion versus oil aromatics. 
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of the black and oil molecules. It is proposed that this similarity aids the 
solvation of the carbon-black particles, prevents them from forming 
agglomerates, and enables them to be carried in the oil throughout the 
rubber, giving better dispersion. 

Good dispersion with the more saturated oils can be obtained with 
longer mixing but this increases the cost of the product. However, it 
may be necessary since the dispersion of pigments and fillers determines 
the optimum physical properties of a compound, as will be seen later. 

After mixing, oils play an important part in extrusion by increasing 
extrusion rates, giving smoother stocks and regulating die swell. They 
are also effective in such operations as calendering, where close toler- 
ances must be maintained and in moulding where good flow character- 
istics are necessary. 

With regard to cure rates, which are always important to the rubber 
compounder, it is found that aromatic oils give the fastest cures at least 
during the early stages. This may be due to the non-hydrocarbon, sul- 
phur and nitrogen content of these oils, or just the greater polarity of 
the aromatic molecules over the saturated ones, although this has not 
been established. 


4.2. Vulcanisate Properties 

Although oils are added to rubber primarily to aid processability, they 
also affect the physical properties of the compound after vulcanisation 
and here again oil composition together with its loading and viscosity 
are important variables. 


4.2.1. Oil Loading 

Oil loading, for any given filler loading, determines the hardness of a 
compound and in turn, depending on the proportions added, will affect 
other physical properties. A compromise is necessary to obtain a good 
overall balance. A point to note when comparing oils of different com- 
position is that theyswill have different specific gravities and at any given 
weight loading, their volumes may vary quite substantially. This is all 
the more important when dealing with oil-extended polymers and some 
of the newer rubbers which are capable of accepting very high loadings. 
At any given weight loading, the lower-gravity material will be present 
in greater volume, and to eliminate loading effects in comparing oils it is 
desirable to use equal volumes of each. 
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4.2.2. Oil Viscosity 
Oil viscosity, which increases with increasing saiaiatn weight, also has 
an effect on rubber properties particularly in regard to low-temperature 
performance and minimising losses of oil at high temperatures. When 
considering low-temperature performance, the important parameter is 
the viscosity of the plasticiser at the temperature in question. This in 
turn is again influenced by oil composition. Aromatic oils show the 
greatest change of viscosity with temperature, and are said to have the 
lowest viscosity index, whereas paraffinic oils show the least change of 
viscosity with temperature and have the highest viscosity index. Thus, 
assuming there are no problems of incompatibility, paraffinic oils will 
impart best Iow-temperature performance and the lower-molecular- 
weight or lower-viscosity materials will be most effective. Conversely, 
high-temperature losses of oils can be minimised by using higher- 
molecular-weight or higher-viscosity oils. The flash point of an oil serves 
.as a useful guide to its volatility characteristics and to minimise losses 
during production of rubber compounds, oils with flash points below 
about 200°C should be avoided. To minimise oil losses from cured 
compounds, and hence maintain desired physical properties of a 
compound, the compatibility of oil and polymer is extremely important. 
The greater the affinity of the oil for the rubber, the less likely it is to 
migrate to the surface of the compound and be removed. This situation 
becomes more critical under dynamic test conditions. To satisfy these 
requirements, again «assuming no problems of compatibility, the 
paraffinic oils, especially the higher-molecular-weight materials, give the 
best results. This is very evident in the highly loaded EPDM compounds 
where, for maximum retention of physical properties when a compound 
is subjected to high temperatures or dynamic test conditions, paraffinic 
oils are used almost exclusively. For the unsaturated polymers, e.g. 
polychloroprenes, polybutadienes and nitriles, the high-viscosity aroma- 
tic oils give the best results, principally due to their compatibility with 
these materials. 

In regard to other viscosity effects, it is generally observed that for a 
series of oils of the same type added to a rubber, the strength properties 
of the vulcanisates increase with an increase in oil viscosity while resi- 
lience decreases. ~ 

It is also generally noticed that, with a series of oils of the same type, 
compatibility with a polymer tends to decrease as molecular weight or 
viscosity of the oil increases. 
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Fic. 5. Tensile strength versus oil aromatics. 


4.2.3. Oil Composition 

In addition to the effect that the viscosity of an oil has on vulcanisate 
tensile strength, there is also the effect that its composition can impart. 
Tensile values increase as the aromaticity of the oil increases (Fig. 5) 
and this is attributed to the better dispersion of carbon black that is 
obtained with this material. With sufficient time to get the required 
dispersion, high tensile strengths can also be obtained with the more 
saturated rubber oils. 

Modulus and elongation at break are only slightly affected by oil 
composition. With increasing aromaticity, modulus tends to decrease 
and elongation tends to increase. 

Hardness is affected even less by oil composition which at first seems 
rather surprising as one would expect greater softening by the more 
aromatic materials. This may be due to the volume effect mentioned 
previously; namely, the higher volumes of the less aromatic materials 
that are necessary to give a constant weight loading counterbalance the 
effect of the greater softening of the more aromatic oil. 

Conversely, tear strength is greatly influenced by oil composition in 
oil-extended compounds. Significant increases in tear resistance are found 
with increasing aromaticity (Fig. 6) and it is suggested that this property 
may again be related to better carbon-black dispersion. 

Oil composition can show an effect on the dynamic properties of a 
rubber compound such as resilience, heat build-up and crack growth. 

Paraffinic oils confer the lowest heat build-up (Fig. 7) due to their 
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Fic. 6. Tear strength versus oil aromatics. 


better lubricating properties and also give the best rebound resilience, as 
would be expected. They are not as good as aromatics, however, in 
imparting resistance to crack growth, where an almost 100° improve- 
ment can be noted in the De Mattia test values in going from 16% to 
83% aromatics in oil composition (Fig. 8). In this test a nicked sample is 
used and so this is more a measure of tear resistance which has been 
discussed above. ~ 
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Fic. 7. Heat build-up versus oil aromatics. 
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Fic. 8. Crack growth versus oil aromatics. 


5. OIL STABILITY 


With the broadening of the applications of synthetic polymers and a 
corresponding increase in their performance requirements have come 
greater demands on such properties as heat stability, ageing character- 
istics and staining tendencies. These demands obviously increase the 
performance requirements of the plasticisers used in them, and 
petroleum technology has had to keep abreast of these changes. 

The heat and light stability, ageing characteristics and staining ten- 
dency of an oil are all linked to its oxidation stability and the best 
oxidation stability is shown by the saturated paraffinic materials. It was 
originally thought that instability was directly related to an oil’s aroma- 
tic content, particularly its highly condensed ringed systems. It is now 
known that oxidation instability of an oil is due primarily to the 
presence of nitrogen and sulphur heterocyclics in the oil, and that the 
saturated naphthenic portion and polynuclear aromatics with as many 
as four and five condensed rings are stable. However, since these heter- 
ocyclics tend to be concentrated in the aromatic portion of the oil (see 
Section 3.2), it is easy to see why the aromatic oils show the worst 
oxidation stability. Tests which measure aromatics do give a measure of 
oil instability since they measure that component which contains the 
offending heterocyclic molecules. It is not practical or economical to 
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produce aromatic oils free from heterocyclics and so aromatic oils, 
which improve processing generally, are not recommended where heat 
or light stability, good ageing or non-staining properties are required. 

Generally, naphthenic oils shown ‘oxidation properties intermediate 
between the paraffinic and aromatic oils but a premium will have to be 
paid to obtain these materials in the years ahead as they become more 
scarce. 


6. USE IN SPECIFIC POLYMERS 


6.1. Ethylene—Propylene Polymers 

The introduction of EPM and EPDM polymers placed more emphasis 
on oil stability than any other series of materials. With their outstanding 
resistance to ozone and weathering, high heat resistance and good elec- 
trical. properties, they demanded similar performance from any plasti- 
“eiser used: in conjunction with them. This is all the more so with EPDM, 
which is capable of accepting high loadings of oil and filler. 

The copolymers are peroxide-cured and are used solely with highly 
saturated oils, i.e. the paraffinics, because of this. The non-hydrocarbon 
components of an oil which are present in larger quantities in the aro- 
matic oils account for acceleration depletion and the corresponding 
adjustment in peroxide level has to be made. 

The terpolymers are much more widely used, and the introduction of 
the diene to enable them to be sulphur-curable permits them to be 
extended with a wide range of process oils. Loadings of up to 100 parts 
of oil and corresponding increases in black loading give only small 
decreases in Mooney viscosity, and even higher loadings give Mooney 
values within workable range. Some EPDM polymers are available 
which accept oil loadings over 200 phr. 

To maintain their weathering characteristics and high heat resistanée, 
these polymers are again generally compounded with a high-molecular- 
weight, high-viscosity paraffinic oil. 


6.2. Natural Rubber 

Natural rubber is used in the manufacture of many products and com- 
pounds may be made satisfactorily with most-types of petroleum oil. 
The increasing competitive pressure of synthetic rubbers, with which it 
is often used in combinations, forced a reassessment of the possibility of 
oil-extending natural rubber in the 1960s by Moore et al.? This work 
showed that with the proper choice of mixing conditions and the addi- 
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tion of extra black to compensate for the added oil, no serious impair- 
ment of physical properties occurred in the unaged or aged compounds 
up to about one-third by weight of oil. In a tyre compound, tyre wear 
for the oil-extended grade was shown to be about 15° better than with 
the unextended control under severe test conditions and about 10°% 
better under moderate conditions. Overall tyre wear was shown to be 
similar to oil-extended SBR tyres run in the test programme. 

These results seem to show that this technique can be used to make 
natural rubber fully competitive with SBR and oil-extended SBR. It 
remains to be seen whether it can be viable economically, however, since 
in some countries it loses its status as a raw material when it is extended 
in the latex stage, and suffers the penalty of import taxes. 


6.3. Buty! Rubber 

Butyl rubbers are copolymers of isobutylene and isoprene in which 
unsaturation is kept at a low level, which accounts for butyl’s excellent 
ageing and resistance to ozone cracking combined with low permeabi- 
lity to air and other gases. Because of their high internal viscosity, butyl 
rubber vulcanisates have low resilience at room temperature, and this 
internal viscosity rises with decreasing temperature, resulting in a leath- 
ery state being reached at — 18°C. To increase the elasticity, additional 
crosslinks need to be introduced or the internal viscosity can be reduced 
by the use of low-viscosity oils. This moves the minimum of the curve 
obtained when rebound is plotted against temperature to a lower tem- 
perature (Fig. 9). For comparison the rebound curves of natural rubber 
and unplasticised butyl rubber are shown. 

Lack of volatility of the plasticiser at higher temperatures is equally 
important and to satisfy both these requirements, paraffinic oils are 
preferred, since, as we have seen, they exhibit the highest viscosity 
indexes as well as showing the better compatability with butyl. 


6.4. Polychloroprenes 
The original use of oil in polychloroprenes was to give practical pro- 
cessing properties in the uncured stock and there was little need to be 
too selective although oils with a VGC of about 0-885 were preferred. 
The WHV grade of neoprene was developed to take high loadings of 
oil and filler and is used for packings and mechanical goods where 
tensile strength is not too important. The oils used should not bloom 
and those with high aromaticity are essential as indicated by reference 
to the amount of oil absorbed as a function of aniline point (Fig. 10). 
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6.5. Nitriles 

The use of process and extender oils in nitrile rubbers is quite limited 

but when they are used checks should again be made on blooming and 

in general the more aromatic oils should be used for compatability. 
More commonly, however, ester plasticisers are used though there is 

scope to use the more highly refined oils either solely or in conjunction 

with the esters to show economic advantages. 


6.6. Liquid Elastomers 
The introduction of liquid elastomers that are easily converted to solid 
rubbers has revolutionised traditional methods of rubber manufacture. 

Again oil has been shown to offer a means of reducing compounding 
cost and modifying liquid-elastomer properties and again in general the 
aromatic content of the oil determines compatability with the individual 
chemical components and the cured liquid elastomers. Thus aromatic 
oils show the maximum compatibility but paraffinic oils may still be 
used. They require higher temperatures to give the necessary solubility 
with the components and are only recommended at low loadings with 
the cured elastomer. 

In general, all types of oil can be used and the selection of any 
particular type may well depend on the final elastomer characteristics 
required, production economy and other considerations. 
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PROTECTIVE AGENTS 


B. T. ASHWoRTH. and P. HILL 
Vulnax International Limited, Manchester, UK 


SUMMARY 


The current situation on antidegradants mainly as it applies to vulcanised 
rubbers is reviewed. 

Some indications of the size and division of the market for these products 
are given, and preferred chemical types are detailed, together with the 
background to their choice and adaptability, in sections headed staining 
antioxidants, non-staining antioxidants, staining antiozonants and non- 
staining antiozonants. 

Sections are also devoted to synergism, antioxidant permanence and 
health and safety aspects. 


1. INTRODUCTION 


The rubber industry is a well-established and mature industry and, as a 
result, changes in the pattern of development and usage of compounding 
ingredients occur relatively slowly. During the last decade, for instance, 
there has been little discovered in the way of new antidegradant struc- 
tures: new products which have appeared commercially have been vari- 
ations and optimisations on well-known themes. Similarly, there have 
been no major contributions to the general understanding of the fre- 
quently listed main causes of oxidative rubber deterioration—heat, light, 
flexing, ozone and metal catalysis. The last major area of uncertainty 
was that of ozone degradation which received enormous attention and 
clarification in the period 1955-1965. 
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The interest which has existed and the progress which has been made 
in recent years surrounds topics such as permanence of antioxidant 
effects and health and safety factors. Physical form has received some 
attention as part of an increasing need ‘to improve working conditions in 
rubber factories. This issue, however, is less worrying in the case of 
antioxidants than it is with accelerators since many antioxidants, parti- 
cularly the most widely used staining products, lend themselves to 
presentation in clean, dustless bead or flake forms, on account of their 
melting points and chemical nature. 

A major review of antidegradants for rubber, with more than a 
hundred references was carried out by Leyland’ in 1972 for the then 
Institution of the Rubber Industry. Those seeking detailed information 
should Start with this document. A much shorter but comprehensive and 
thoroughly readable survey of antioxidants-and antiozonants in rubber 
compounding was published by Parks and Spacht in 1977.7 


2. INDUSTRY STATISTICS 


Antioxidants and/or antiozonants are essential to the performance of 
most rubber compositions and generally they represent the greatest cost 
amongst the low-dosage, high-effect chemicals used. 

An approximate idea of the size of this market can be obtained from 
world rubber consumption. This was of the order of 12 million tonnes in 
1977 and it is forecast by the World Bank to reach 24 million tonnes in 
1990, with the’main growth of consumption taking place in.the develop- 
ing countries and the centrally planned economies. Assuming a conser- 
vative dosage of 1 part per hundred of rubber of antidegradants, a 
world-wide consumption of at least 120000 tonnes is indicated at pre- 
sent by the rubber compounding industry. The consumption of aniline- 
based (i.e. amine-based) antioxidants in the USA and Western Europe 
was estimated in 1975.* Abstracted data are given in Table 1. 

These data indicate, as might be expected, that p-phenylenediamines 
are the group of antidegradants in greatest demand. The absence of 
dialkyl-p-phenylenediamines from the table is surprising. 

The 1980 predictions for phenyl-fB-naphthylamine (PBN) and phenyl- 
a-naphthylamine (PAN) look unduly pessimistic now. Substantial 
amounts are still used and there seems no reason to suppose that this 
will change radically in the short term. A more recent estimate puts 
Western European demand for staining antidegradants by the rubber 
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processing industry at 30250 tonnes in 1978.* Demand for non-staining 
products is also estimated for the same period at 4000 tonnes. 

A further very important market for antioxidants is in synthetic elast- 
omers stabilisation. These products are added to the polymer during 
manufacture to protect it during drying and subsequent transport and 
storage before use. World production of synthetic rubber in 1978 
amounted to 8:7 million tonnes* requiring of the order of 80000 tonnes 
of antioxidant products for stabilisation. Synthetic rubber production in 
Western Europe in 1978 was close to 1-9 million tonnes, representing a 
market of around 20000 tonnes for stabilisers. 


+ 


3. STAINING ANTIOXIDANTS 


Virtually all of the staining antioxidants currently in use were dis- 
covered during the 1930s. By far the most important groups of these 
are based on aniline and diphenylamine. Indeed, all of them -can be 
considered to be derived from aniline since diphenylamine itself is an 
aniline derivative. The napthylamines—and in particular PBN which 
until recently enjoyed widespread use—have declined in popularity be- 
cause of doubts concerning their toxicity (see Section 9). Where PBN 
has been replaced, the alternatives have been either acetone/diphenyl- 
amine condensates, in_ cases where flexcracking as well as heat protec- 
tion was considered important, or by acetone/aniline condensates (the 
dihydroquinoline derivatives) where the emphasis was mainly on heat 
resistance. The latter, in combination with p-phenylenediamin® deriva- 
tives, is widely used in tyre compounding. 

For the stabilisation of synthetic rubber, the use of PBN has been 
virtually eliminated. Phenolic products such as butylated hydroxy- 
toluene (BHT) and styrenated phenol have proved popular as alterna- 


tives. The main staining antioxidants used commercially at present are 
listed in Table 2. 


4. STAINING ANTIOZONANTS 


The major advance in knowledge of the factors governing ozone attack 
of rubbers and ways in which the attack could be eliminated or min- 
imised took place in the period 1955-1965. This progress was stimulated 
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by more-exacting service requirements in articles such as tyres and by 
the increasing use of synthetic rubbers, particularly styrene/butadiene 
rubber (SBR). 

Hydrocarbon rubbers containing chemical unsaturation in the poly- 
mer main chain or backbone may be attacked by ozone when vulcan- 
isates are in a condition of strain. If the strain is essentially a static one, 
valuable protection may be obtained from waxes or flexible lacquers. 
Under conditions of dynamic strain, however, these remedies are less 
effective and can even become prodegradant. Under dynamic service 
conditions the. use of chemical antiozonants is essential for long-term, 
balanced protection. 


4.1. p-Phenylenediamine Derivatives 
All major commercial antiozonants are derivatives of p-phenylenedi- 
amine and correspond to the structure given below (I). 


| n-Nu{ Nur, 


I 


Two classes are of commercial interest: 


1. The symmetrical p-phenylenediamines where R, = R, = alkyl, 
cycloalkyl or substituted aryl. 

2. Asymmetrical products where R, = aryl (most usually phenyl) and 
R, = alkyl or cycloalkyl. 


The products of greatest technical interest are listed in Table 3. 6- 
Ethoxy-2,2,4-trimethy]-1,2-dihydroquinoline is noteworthy because it is 
the only commercially available structure capable of both static and 
dynamic ozone protection which is not a p-phenylenediamine. 

The symmetrical dialkyl-p-phenylenediamines, as illustrated by 
B(DMP)PD and DCPD in Table 3, give superior protection under 
static exposure eonditions whereas the asymmetrical structures, 
exemplified by IPPD, 6PPD and CPPD, are better for dynamic protec- 
tion. The inferior static protection given by the asymmetrical products 
can be much improved by the addition of waxes, however, and therefore 
this class has an overall superiority over the symmetrical types. Further- 
more, most of the alkyl-substituted symmetrical products have the 
drawback of liquid physical form. 
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The diaryl-p-phenylenediamines are powerful antiozonants for poly- 
chloroprene rubbers (CR) and are often favoured because of their mini- 
mal effect on bin storage. DTPD has been claimed to provide long-term 
protection of general-purpose rubbers® though as shown in Table 3 
initial activity is modest. 

Choice of specific structure within each of these two classes depends 
not only on differences in antiozonant efficiency between individual pro- 
ducts but also on factors such as their effect on processing safety, on 
physiological factors such as skin sensitisation and, of course, on price. 
Undoubtedly the most powerful and versatile chemical antiozonant is 
IPPD closely followed by 6PPD. There has been a slow trend over the 
years for 6PPD to replace IPPD on account of factors such as the 
reduced tendency of 6PPD both to cause skin sensitisation and to be 
subject to water leaching, although the practical significance of the latter 
factor. has been questioned.’ 

Technically, structures like IPPD represent the ultimate in anti- 
degradant performance available at the present time since, in addition to 
their ozone resistance, they also give protection comparable with the best 
available in heat resistance, flexcracking protection and metal inhibition. 


5. NON-STAINING ANTIOXIDANTS 


Non-staining antioxidants were mainly discovered in the period 
1945-1955. Those of greatest interest to the rubber industry are nearly 
all derived from phenols: they fall mainly into two chemical classes: 


1. Simple hindered phenols—usually trisubstituted in the 2, 4, 6 
positions. 

2. Hindered phenols bridged in the ortho or para position by a methy- 
lene group, substituted methylene group or sulphur. 


5.1. Simple Hindered Phenols (II) 
OH 
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R,, R, and R;j are either alkyl, cycloalkyl or aralkyl. The substituents 
may be the same, as in styrenated phenol, but are more generally differ- 
ent and are most frequently a mixture of alkyl groups. Apart from 
styrenated phenol, the most commonly encountered products are 
methylated in the ortho and/or para positions and contain either t-butyl, 
octyl or nonyl groups in the remaining position(s). Very few of these 
products, the main exception being 2,6 di-t-butyl-p-cresol (BHT), are 
single chemical entities: most of them are complex liquid mixtures. 

In technical performance, simple hindered phenols are usually inferior 
to bridged hindered phenols in protection against heat ageing. However, 
certain members of the former group show unparalleled protection 
against deterioration by light and flexing.’ Simple phenols are generally 
more volatile and more easily extracted than the bridged ones—the 
latter feature leading to a tendency to stain adjacent materials. 


5.2. Bridged Hindered Phenols 

This group of non-staining antioxidants contains those offering the 
highest general levels of protection. By far the majority of the products 
are bisphenols possessing structures of the type III or IV below (R,, R, 
and R, are either H, alkyl or cycloalkyl). An important exception is the 
dicylopentadiene-bridged structure (V). 


R, R, OH OH 
R, R, 
HO x OH x 
Ro Re ee, ug . 


ili IV 
OH OH OH 
“(ols opr @ ; =) ‘ ie “ C(CH;)3 
CH, CH, CH, 
Vv 


5.3. Antioxidant Efficiency 
Antioxidant efficiency in vulcanised rubber is related to structure in a 
well-understood manner, the highest activity being obtained with 
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bisphenols which are ortho bridged. It must be stressed that this obser- 
vation applies only to performance in rubber vulcanisates and not in 
other polymeric materials where in some instances considerably higher 
levels of activity are shown by the para-bridged compounds. 

Within the more rubber-effective, ortho-bridged structures, the follow- 
ing additional structural considerations apply: 


1. nature of the bridge structure: 
2. effect of the hindering group; 
3. effect of the para substituent. 


5.3.1. Nature of the Bridge Structure (X) 
Maximum protection is obtained in the structures where bridging is by 
carbon, single carbon bridges being preferred (X = CH,). Increasing the 
bridge from one to two carbon atoms has little influence on antioxidant 
performance but the tendency of the resulting chemical to impart pink 
‘colorations to rubbers is reduced. Further increases in the length of 
carbon bridges have an unacceptable adverse effect on activity. - . 
In the case of one-carbon bridges, substitution of one hydrogen atom 
by alkyl improves activity, except where the two phenol elements are 
ortho substituted by t-alkyl or cycloalkyl. Other substituents for 
hydrogen in the one-carbon bridge, such as phenyl, cycloalkyl, chloro or 
trichlormethyl groups, reduce activity markedly. Substitution of both 
hydrogens on a methylene bridge also reduces activity markedly. 
Alternative bridging atoms such as sulphur (X = S) also result gen- 
erally in poor activity but such a structure is useful in the case where R, 
is t-butyl. ; “ 


5.3.2. Effect of Hindering Group (R,) 

Alkyl and cycloalkyl groups are the most effective ortho substituents. 
Chloro or nitro groups destroy activity. Methyl-substituted compounds 
are widely encountered but peak activity is obtained when t-butyl or 
a-methylcyclohexyl substituents are used. 


5.3.3. Effect of para-Substituent (R2) 

Quite high activity is obtained when the para position remains unsub- 
stituted but the tendency of compounds to diseolour is increased. Best 
activity is obtained with a methyl group but this can result in pinking 
with most t-alkyl or cycloalkyl hindering groups. Use of an ethyl group 
in the para position reduces the tendency of the compound to pink, 
albeit with a noticeable reduction in activity. 
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Maximum activity in this class of compounds is, therefore, obtained 
when the bridging group X = CH), R, = t-butyl or «-methylcyclohexyl 
and R, = methyl. 

An informative study of the relationship between performance and 
chemical structure in polynuclear phenols has been made by 
Kempermann.? 


5.4. Factors Affecting Choice 

So many non-staining antioxidant structures are available commercially 
that any attempt to list them would result in a lengthy catalogue. The 
compounder’s task to select the most appropriate product is not an easy 
one. In addition to their sheer numbers, the products vary widely in the 
different aspects of antioxidant protection offered, and furthermore 
the differences between any two products can and do change according 
to factors such as the elastomer or the vulcanisation system used. In 
addition to the immediate technological performance there are factors 
such as permanence, degree of acceptance for foodstuffs or pharma- 
ceutical use, physical form, price and extent of staining and discolora- 
tion to be considered. Unless an enormous amount of experimental 
work is to be carried out, the compounder must rely in the first instance 
on information provided by the supplier, although he should always 
satisfy himself on very specific aspects of his service requirements such 
as migration staining or contamination of contact fluids. 


6. NON-STAINING ANTIOZONANTS 


The search by rubber chemicals manufacturers for a non-staining anti- 
ozonant providing powerful protection under both dynamic and static 
conditions in the general-purpose rubbers, NR and SBR, has still not 
been successful. It is probable that the research effort in this area has 
been reduced over the last decade, not only on account of the lack of 
useful leads but because of the more widespread use of ozone-resistant 
rubbers, particularly EPDM. Trends in component design—particularly 
in car windscreen surrounds—have also reduced the need for such a 
chemical compared with the situation in the 1960s. 


6.1. Commercial Products 
Non-staining antiozonants have been introduced but their areas of suc- 
cessful application are limited. Tributyl thiourea has proved capable of 
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giving non-staining ozone protection but thete can be problems with 
bloom and effects on cure. Indeed the ozone protection obtained may 
well be due to the bloom providing a protective layer on the surface of 
the vulcanisate in much the same manner as wax. 

Over the last decade, Bayer’® have introduced three interesting pro- 
ducts in this area. These are novel structures having ether linkages in 
common. One is a non-staining antiozonant for CR and its blends with 
natural rubber, under static conditions, which also exhibits antioxidant 
activity in both NR and CR. The second is also an antiozonant for CR 
but it is effective in other general-purpose rubbers under static exposure 
conditions if used in conjunction with wax. The third displays the same 
qualities as the second but to a greater extent. Neither of the latter two 
structures confer antioxidant protection. 


6.2. Waxes 
“Waxes are well-known materials for conferring non-staining ozone 
protection under static conditions of exposure. An elegant account relat- 


ing the choice of wax to climatic conditions has been given by 
Morche."! 


6.3. Rubber Blends 
Although not fitting into the generally accepted idea of an antiozonant, 
it should be recalled that the ozone resistance of general-purpose rub- 
bers can be improved by blending with an ozone-resistant rubber such 
as EPDM. Compared with chemical antiozonants, the amount required 
is high, usually 10-30°%. The improvement to ozone resistance, obtained 
is very dependent on the grade selected and the physical properties of 
the vulcanisate, and it is highly sensitive to the completeness of blending 
of the two elastomers and their compatibility in terms of the vulcan- 
isation system used. 


a i 
~ 


7. SYNERGISM 


Many examples of antioxidant synergism in polymers exist but the 
number of genuine examples observed in Vulcanised rubbers seems 
remarkably small. There are many cases in which a desirable spectrum 
of protection against several types of deterioration is achieved by blend- 
ing two or more products whose individual protection features supple- 
ment each other. There are others where an appropriate combination of 
a powerful and a weak antioxidant provide a protective system with an 
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attractive cost/efficiency balance. However, true synergism—where the 
level of a given facet of performance of an antioxidant combination is 
raised above that achievable by using any of the constituents on their 
own—seems to be confined to combinations of phenolic or amine anti- 
oxidants with 2-mercaptobenzimidazole (MBI) or closely related deriva- 
tives. These synergistic blends are capable of giving at least three types 
of protection: 


1. against metal-catalysed oxidation; 
2. against heat ageing, particularly with low-sulphur cures; 
3. against flexcracking in certain, rubbers. 


The synergistic systems, comprising MBI and an amine or phenolic 
antioxidant, usually contain the two components in equal proportions 
by weight. There is some evidence, however, that the optimum ratio is 
dependent on the curing system employed: best results are obtained, for 
example, in peroxide-cured ethylene/propylene copolymer (EPM) with a 
4:1 ratio of MBI to amine antioxidant. 


7.1. Alternatives 

Since at least some of the aspects of MBI synergism have been known 
for over 20 years, it is surprising that no other structures have been 
commercialised which fulfil a similar function. There are indications that 
MBI is being replaced by a mixture of its 4- and 5- methyl] derivatives at 
the present time on account of the better availability of the chemical 
intermediate for the latter product. 

In the absence of vulcanisation some additional possibilities for syner- 
gism exist. Thus in thermoplastic styrene/butadiene/styrene (SBS) rub- 
bers it has been shown that antioxidant systems of the type well known 
to the plastics industry, consisting of powerful phenolic antioxidants, 
together with chemicals such as dilauryl thiodiproprionate (DLTP) or 
tris(nonylphenyl)phosphite (TNPP) give both excellent protection and 
clear synergism.'? Probably the best systems in this area have still to be 
optimised. “ 


8. PERMANENT ANTIOXIDANT EFFECTS 
A great deal of the development work and concern in the antioxidant 


field in recent years has been concentrated around the permanence of 
the effects obtained. The reasons for this are at least threefold: 
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1. A desire to improve product performance by reducing antioxidant 
loss by volatilisation at high temperatures or by extraction by 
solvents, detergents or steam distillation. 

2. A need to conserve antioxidant in the rubber for economic reasons. 

3. A recognition of the nuisance and possible health hazards arising 
from antioxidant vapours in the atmosphere. 


8.1. Improving Permanence 
There are basically two ways of obtaining a substantial improvement in 
antioxidant permanence in rubber: 


1. Selecting or creating a high-molecular-weight antioxidant. 
2. Reacting the antioxidant with the rubber. 


8.1.1. Selecting or Creating a High-molecular-weight Antioxidant 

~A good example of a long-established antioxidant exhibiting excellent 
resistance to volatilisation and extraction by a wide variety of liquid 
media is N,N’-di-f-naphthyl-p-phenylenediamine. The best way, clearly, 
to achieve maximum effectiveness using this approach is to use poly- 
meric products: certain acetone condensates with aniline or diphenyl- 
amine have been in the form of low polymers for many years and they 
show greater permanence than many other products. The use of poly- 
meric antioxidants made by reacting hydroquinone or p-benzoquinone 
with diaminoaromatie amines, for instance, has been discussed.!* Pro- 
ducts of this type, however, have not been commercialised. 


8.1.2. Reacting the Antioxidant Chemically with the Rubber 

In this approach the antioxidant is bound to the polymer. backbone— 
perhaps the best-known method is that developed by workers at the 
Malaysian Rubber Producers’ Research Association (MRPRA)'* Jin- 
volving the reaction of C-nitroso compounds with unsaturated rubbers 
as shown in Fig. 1. The best-known example of this class of compound 
is p-nitrosodiphenylamine (NDPA). When this compound is-used an 
N-phenyl-N’-substituted p-phenylenediamine is formed where the N’ 
substituent is the rubber hydrocarbon. The resulting protection against 
heat ageing is comparable with that of IPPD and the effect resists 
exhaustive solvent extraction. Unfortunately no protection against flex- 
cracking or ozone is obtained possibly due to the lack of antioxidant 
mobility. NDPA as such presents serious handling problems and 
attempts were made both by MRPRA?® and ICI Ltd!° to overcome this 
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problem by forming adducts which regenerated NDPA during 
vulcanisation. Other problems, however, prevented successful 
commercialisation.'” 

MRPRA'?® have also shown that N,N’-disubstituted quinone diimines 
and N-substituted quinone imines can react with rubber to give the 
corresponding p-phenylenediamine or p-aminophenol, together with a 
rubber-bound entity. 

Grafting effects to latex have also been described.'? Antioxidants con- 
taining vinyl groups such as 3,5-di-t-butyl-4-hydroxybenzylacrylate (VI) 
can be successfully grafted with an appropriate redox-initiating system. 
Furthermore, certain products without vinyl groups can be grafted in 
this way,'? an essential requirement apparently being the presence of a 
methylene grouping para to the phenolic group. Thiol-containing anti- 


r OH 
(CH3)3C C(CH3)3 


CH,COOCH+CH, 
VI 
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OH 


(GH, )5C gS CCH3) 


CH,SH 
VII 


oxidants such as 3,5-di-t-butyl-4-hydroxybenzyl mercaptan (VII) are 
also claimed to give high yields of bound antioxidants in latex; they are 
apparently readily added to the double bonds in rubber in the presence 
of free radicals. 

Interesting and imaginative as these ideas are, none has yet been 
exploited commercially. 

In the case of synthetic rubber, however, Kline and Miller and co- 
workers have shown that N(4-anilinophenyl) methacrylamide (VIII) 
may be incorporated into SBR or NBR during polymerisation to give a 
rubber-bound antioxidant.” 7! 


CH; 


| 
€ S-nu-<_ NH—CO.C=CH, 
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— 
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NRB rubbers based on this principle have been commercialised and 
claimed to give superior high-temperature performance to conventional 
grades. a 

The preoccupation with extraction effects may be seen in develop- 
ments with conventional antioxidants also. Two papers??-?> provide 
data showing that thermal embrittlement of NBR in mineral oil is not 
only delayed by the presence of certain antioxidants in the rubber, but 
also further delayed by the presence of similar antioxidants in the oil, 
which reduce extraction effects from the rubber.-A certain substituted 
phenol has been shown to be capable of imparting antioxidant effects to 
NBR which resist solvent extraction'’ and this effect has been used both 
in compounding and in NBR stabilisation. This performance cannot be 
explained in simple network-binding terms. 
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The effect of a selection of antioxidants on the microbiological attack 
of natural-rubber pipe rings immersed in water has been studied.?* It 
was concluded that antioxidants were beneficial in proportion to the 
extent to which they resisted extraction by water, with the exception of 
the network-bound p-nitrosodiphenylamine which did not reduce 
microbiological attack at all. 

Systematic studies on the vaporisation of antioxidants from vul- 
canised rubbers would be useful to have. The general class of anti- 
oxidant which is worst in this respect is almost certainly the substituted 
phenols. A recent analysis of the oily: condensate on the inside of a 
tyre-factory window showed it to be almost entirely composed of BHT. 
This puzzled the chief chemist, as this product was not used in the 
factory, until it was realised that it originated from the synthetic rubber. 


9. HEALTH AND TOXICITY 


The most significant issue in recent years, affecting both the thinking 
and practice, in antioxidant usage or, for that matter, in rubber com- 
pounding as a whole, has surrounded the well-known and long- 
established substituted naphthylamines. The products involved are PBN 
([X), PAN (X) and N,N’-di-B-naphthyl-p-phenylenediamine (DNPPD) 
(XI). Most of the debate and study has been concerned with PBN which 
in volume terms was by far the most important to the rubber industry. 
Commercial grades of these chemicals, as supplied for many years from 
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a variety of sources, contain small quantities—parts per million—of the 
known carcinogen f-naphthylamine as impurity. Despite the lack of 
positive evidence from epidemiological studies connecting the use of 
PBN with a higher-than-normal incidence of bladder cancer**:?® and 
regardless of the introduction of a new grade containing less than 1 ppm 
of free B-naphthylamine,”’ the use of the product in both compounding 
and synthetic-rubber stabilisation has declined. It is interesting to 
reflect, however, that the view has been expressed that because of all the 
probing into the use of PBN which has taken place in recent years, there 
are unlikely to be any surprises remaining in connection with its use—a 
degree of confidence which may not exist for many popular but less- 
studied products. 

PAN and DNPPD have declined in popularity with the compounder 
along with PBN. Whilst PAN never had any unique technological niche, 
DNPPD was valuable in that it not only gave impressive protection 
against heat and metal catalysis initially but that protection had out- 
standing resistance to volatilisation and extraction by liquid media. 

Another major concern surrounding rubber chemicals in recent years, 
connected primarily with health and safety, is that of physical form. The 
more serious issues, however, concern accelerators. Whilst there is room 
for improvement in some areas of antioxidant presentation, their nature, 
melting points and methods of manufacture generally permit a presenta- 
tion in bead, rod or flake forms, produced from the molten condition, 
which possess clean, dust-free characteristics. 

Antioxidants used in rubbers intended for foodstuffs contact, and as 
stabilisers in- synthetic rubbers to be used for this purpose, will ob- 
viously be required to show appropriate approval under the Food and 
Drug Administration (FDA) regulations of the USA and/or the Bundes- 
gesundheitsamt (BGA) regulations of West Germany. In the future it is 
felt that this type of approval will be requested increasingly by end-users 
in applications where no foodstuffs contact is involved, as additional 
general reassurance concerning product handling. 

Responsible manufacturers of rubber chemicals have been providing 
information on potential hazards and correct handling of their products 
for many years, but there are clear indications that the amount of such 
information is increasing and that it is becoming more detailed. For 
those who may prefer such advice from an independent source, the 
British Manufacturers’ Association (BRMA) has published a document 
entitled Toxicity and Safe Handling of Rubber Chemicals, BRMA Code 
of Practice 1978. 


WN 
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Chapter 8 


PRINCIPLES OF PRODUCT DESIGN 


E. SOUTHERN 
National College of Rubber Technology, London, UK 


SUMMARY 


In the first part of the paper the basic physical properties of commonly 
available rubbers are described in so far as they are relevent to the design 
of components. The range of physical properties covered has been res- 
tricted to those of likely interest for designers of engineering components 
but the same properties are relevent to other ‘quality’ applications where 
the selection is made on technical grounds rather than on cost or proces- 
sing behaviour. 

The second part of the paper is concerned with what might loosely be 
termed as time-dependent effects. Most deleterious processes which lead to 
eventual failure of a component are time-dependent and may also be depen- 
dent on other factors such as shape. Accelerated laboratory tests are 
usually done under severe conditions on thin specimens and result in some 
rubbers, which may be ideal in other respects, being included. In some 
cases the rejected rubber would have had a perfectly satisfactory lifetime in 
service because the rate of deterioration is sufficiently low to be tolerable. 


» 1. INTRODUCTION 


The problem of deciding which compound to use for a particular appli- 
cation is often difficult. Generally there are conflicting requirements 
which means that a decision has to be made on the relative importance 
of the original specifications. Even when this has been done it may not 
be possible to find a rubber compound which meets all the revised 
requirements and a compromise may have to be made. 
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Ideally product design calls for a detailed knowledge of the physical 
properties of the commonly available rubbers together with expertise in 
manufacturing processes and a sound knowledge of engineering prin- 
ciples. It is perhaps not too surprising that designers of rubber products 
are not always as familiar with the properties of rubbers as they should 
be for optimum performance at minimum cost. The object of this chap- 
ter is to survey the general properties of rubbers from the designer’s 
point of view and then to show how other factors, such as shape, can 
often permit the use of a rubber which does not appear to meet the 
original requirements in terms of general physical properties. A good 
example of this is the use of non-oil-resisting rubbers for automotive 
engine and gearbox mounts. : 

Another area where lack of experience may lead to incorrect conclu- 
sions is the interpretation of standard test results. It must always be 
borne in mind that standard tests are, as the name implies, tests carried 

~out in a standard way. They are not necessarily the most informative 
tests that could be carried out for a particular application. It is very 
important to keep in mind the exact nature of the information being 
sought, and then to decide whether or not the test under consideration 
is likely to provide the relevant data. A noteable example is the labora- 
tory testing of abrasion resistance which is not used by tyre companies 
because experience shows that such tests do not predict tyre wear. 

In the case of accelerated tests which are normally carried out at high 
temperature there is a-difficulty. In some cases raising the temperature 
does accelerate the test but in others quite different physical or chemical 
effects become dominant at the higher temperature so the results are 
meaningless. The reason for using higher temperatures td represent 
longer times is that observations show that both physical phenomena 
associated with viscoelastic behaviour and the rate of chemical reaction 
occur more rapidly as the temperature is raised. Where more than one 
effect is involved both may well increase with temperature but a cross- 
Over may occur so that one effect dominates at one temperature while 
the other is more important at a different temperature. In extreme cases 
the phenomenon may not occur at all at higher temperatures so it is 
very important to understand the mechanism involved. For example, as 
will be seen later, ozone protection is conferred-by wax blooming which 
is due to the presence of more wax than is soluble at room temperature. 
Raising the temperature, besides speeding up the rate of diffusion to the 
surface, increases the solubility of the wax in the rubber so that even- 
tually it becomes completely soluble and no more blooming takes place. 
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Clearly in this instance raising the temperature does not indicate what 
would happen at longer times. 

When considering standard test results it is important to note the 
values of similar or related tests in order to obtain a reliable conclusion. 
A specification may call for a relatively small change in hardness after 
accelerated ageing at high temperature because a stable network is 
required. However, changes in hardness arise from two opposing 
effects—main-chain scission and/or crosslink breakage, both of which 
reduce hardness and additional crosslinking from unreacted vulcanisa- 
tion residues which increase hardness. These two effects may cancel so 
that the net result is zero but compression-set tests which are also 
carried out at elevated temperatures would show a large amount of set 
due to the crosslinks which have been formed in the compressed sample. 
Under these conditions a truly stable network would not be affected. 

The component’designer cannot be expected to possess the detailed 
knowledge of compounding of the rubber technologist but he should be 
aware of the general principles as outlined below. 


2. SELECTION OF RUBBER COMPOUND 


2.1. Introduction 
In designing a component it is usually necessary to compromise since 
many desired properties are mutually exclusive. However, some proper- 
ties may be varied considerably without serious detriment to others and 
a knowledge of these is essential if a satisfactory selection is to be made. 
There are, of course, many physical properties to consider and it is only 
practicable to discuss the more important ones in this chapter. 
Probably the single most important property and certainly the most 
widely measured is hardness. The hardness of a rubber compound can 
be changed in three ways: 


1. by the introduction of a filler; 
2. by the introduetion of an extender or plasticiser; 
3. by varying the number of crosslinks formed during vulcanisation. 


The next most widely specified property is tensile strength and this 
may be surprising at first sight because rubbers are hardly ever used in 
applications where the deformation is tensile and even less where the 
strains are near to the breaking strain. What then is the purpose of 
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specifying the tensile strength? There are two. main reasons: the first is 
that it is a very good quality-control test in that cheap fillers or exten- 
ders which may have been used to reduce compound costs are easily 
detected since they will reduce the tensile strngth; the second reason is 
that the test is rapid and relatively easy to carry out. 

As the degree of crosslinking is varied the tensile strength passes 
through a maximum value the magnitude of which depends on the type 
of crosslinking system used. Conventional sulphur vulcanisates give the 
highest tensile strength and the efficiently vulcanised systems and direct 
carbon-carbon crosslinked rubber generally have a somewhat lower 
tensile strength’ as shown in Fig. 1. The effect is most pronounced with 
strain-crystallising rubbers but still occurs, although over a much 
reduced range of crosslinking, with other rubbers.” The strength of these 
latter materials is greatly enhanced by the introduction of a reinforcing 
filler such as a'small particle carbon black or silica filler.* 
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Fic. 1. Tensile strength of natural rubber vulcanisates as a function of the 
degree of crosslinking. (Reproduced from ref. 1.) 
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2.2. Fillers 

There is a very wide range of fillers ranging from low-cost clays to 
relatively expensive carbon blacks or silicas. Increasing the filler content 
generally increases the hardness (or related properties such as modulus 
and stiffness) and decreases the resilience. Whether the tensile strength is 
improved depends on the type of filler and on the type of rubber. 

The tensile strength of strain-crystallising rubbers (e.g. natural rubber 
and polychloroprene) is not increased by the presence of a filler.* In 
contrast the non-strain-crystallising rubbers (e.g. SBR, NBR, EPDM) 
are greatly improved by the use of a reinforcing filler such as a small 
particle carbon black or silica. The degree of improvement is remark- 
able, being a tenfold increase in tensile strength on adding 50 parts by 
weight of filler to a hundred parts of rubber. This improvement makes 
these rubbers comparable in tensile strength to the strain-crystallising 
rubbers which are not much affected by the introduction of a similar 
amount of filler. The non-reinforcing fillers (e.g. large particle blacks, 
clays and whitings)-do not increase tensile strength although they do 
increase hardness as mentioned earlier. Other strength properties such 
as tear resistance, fatigue, and abrasion resistance are also improved by 
reinforcing fillers. 


2.3. Extenders 
Mineral oils are often used to reduce the cost of a compound. These 
extenders generally reduce the hardness since they mix intimately with 
the rubber producing an oil-extended compound. Oil-extended master- 
batches in which the mixing of oil and rubber has already been carried 
out are available commercially. Oil extension tends to reduce the tensile 
strength of all rubbers. By judicious choice of filler and oil loadings the 
hardness can be kept constant but the strength properties invariably 
suffer. Nevertheless, provided excessive quantities of oil are not used, 
quite acceptable compounds can be made (e.g. up to 30% of the 
rubber may be replaced by oil as shown in the case of tyre-tread com- 
pounds for passenger-car tyres). The oil softens the compound since it 
reduces the number of crosslinks per unit volume of the combined 
rubber and oil. This softening can be overcome either by increased 
crosslinking or by adding a little more filler. 

Low-viscosity, involatile liquids are used as plasticisers to improve the 
low-temperature flexibility of rubbers and these have a similar effect on 
hardness to the oils already described. 
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2.4. Vulcanisation Sh ia 
The third method of changing the hardness is to vary the amount of 
crosslinking in the vulcanisate. This is most easily achieved by changing 
the amount of crosslinking agent in.the rubber. There are many cross- 
linking agents but most use sulphur together with accelerators to speed 
up the process. The choice of a particular crosslinking system depends 
on many factors but the degree of crosslinking (i.e. the number of cross- 
links per unit volume of rubber) is easily varied. The larger the number 
of crosslinks the harder the compound will be. However, as mentioned 
before, the tensile strength normally passes through a maximum so the 
‘optimum’ cure is normally the one giving the maximum tensile 
strength. Increasing hardness by crosslinking leads to a higher resilience 
compound unlike the effect of adding fillers. 

It can be seen that hardness can be varied in many ways but the best 
way depends ‘on the importance of the other properties which are also 
_ influenced by the method chosen to vary hardness. 


2.5. Low-temperature Crystallisation : 
Rubbers which strain-crystallise on stretching also crystallise at low 
temperatures but in this case it takes a considerable time before crystal- 
lisation effects are noticeable.* The effect of the crystallisation is to 
stiffen the rubber considerably and the only way of removing it is to 
raise the temperature. The rate at which crystallisation occurs depends 
on the temperature, rising at first as the temperature is lowered and then 
after passing through a maximum it falls with decreasing temperature. 
The temperature for maximum crystallisation rate in natural rubber is 
—26°C and in polychloroprene —5°C. The crystallisation-rate is more 
rapid in uncrosslinked rubbers and is also influenced by the type of 
crosslinking system used.* Low-temperature crystallisation is not a 
problem if the exposure is relatively short term, say a few days at a time, 
or if the component is subject to frequent movements since the heat 
generated during these movements will melt the crystals. However, com- 
ponents in a ‘static’ application and exposed for long periods to low 
temperatures will crystallise if made from strain-crystallising rubbers. It 
is just this strain-crystallising behaviour which makes these rubbers 
strong at normal temperatures so if a strong_rubber is required which 
will not crystallise at low temperatures it will be necessary to choose a 
copolymer or other anticrystallising rubber and to rely on reinforcing 
fillers to provide adequate strength at normal temperatures. 
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2.6. Low-temperature Flexibility 

The behaviour of rubbers at low temperatures (except for crystallisation 
as mentioned above) depends on the glass transition temperature of the 
rubber. All rubbers become stiffer as this temperature is approached and 
the resilience passes through a minimum value. The glass transition 
temperatures of common rubbers are given in Table 1 and it can be seen 
that for low-temperature work the choice is limited to silicone rubber, 
butadiene rubber and natural rubber. 


TABLE 1 
GLASS TRANSITION TEMPERATURE, MAXIMUM NORMAL WORKING TEMPERATURE AND 
RELATIVE COST OF VARIOUS RUBBERS 


; Maximum 
Glass normal 
transition working 
temperature, temperature, _ Relative 
Rubber s€ A cost 
Silicone — 120 200 12 
cis-Polybutadiene (BR) — 108 70 1:2 
Natural (NR) — 70 70 1 
Butyl (IIR) — 65 90 #3 
Styrene/butadiene (SBR) — 61 70 1:2 
Polychloroprene (CR) — 49 90 26 
Butadiene/acrylonitrile? (NBR) — 24 1:8 
Fluorocarbon 200 35 


* See text for cases where these temperatures are exceeded in service. 
> 38-5°% acrylonitrile. 


All rubbers can be improved to some extent in their low-temperature 
behaviour by the incorporation of a plasticiser. This is a low-viscosity, 
low-volatility liquid (e.g. dioctyl adipate or dioctyl sebacate) which is 
added to the rubber during the mixing stage and will, depending on the 
amount incorporated, extend the acceptable temperature range to some 
10 or 20 degrees lower than the non-plasticised rubber.° The degree of 
crosslinking does not affect this behaviour significantly; neither does the 
presence of a filler although blending with a rubber with a lower glass 
transition temperature can be beneficial. 
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2.7. Viscoelasticity 

All rubbers show viscoelastic behaviour which means that their physical 
properties are partly liquid-like (viscous) and partly solid-like (elastic). 
For example, the thermal expansion coefficients of rubbers are similar to 
those of liquids not solids. In fact rubbers behave in many ways like 
very viscous liquids before they are crosslinked. The vulcanisation 
process which introduces crosslinks reduces the flow properties and 
makes a rubber more elastic. Nevertheless, there is still evidence of flow 
behaviour even in a crosslinked rubber. This is demonstrated in the 
creep and stress-relaxation behaviour of rubbers. 

Those unfamiliar with these two properties are probably aware of the 
time-dependent nature of the hardness measurement which necessitates 
the specification of the time interval between applying the load and 
taking the reading in the standard hardness test. The pointer on the 
machine is often still moving after the 30-s period has elapsed indicating 
“that the indentor is still slowly sinking further into the rubber. This is 
clearly not elastic behaviour in the classical sense which demands an 
instantaneous response to a deforming force. Nevertheless, for practical 
purposes recovery will be complete if sufficient time is allowed to elapse 
after the load is removed. Note that a period of time several times 
longer than the time for which the load was applied is necessary to 
ensure complete recovery. 

This time-dependent behaviour arises from the viscous nature of the 
polymer and is minimised by increasing the degree of crosslinking which 
improves the elastic part of the behaviour. The type of crosslink is also 
important. Conventional sulphur vulcanisates are the werst in this re- 
spect although these crosslinks give highest strength. Direct carbon- 
carbon crosslinks produced by organic peroxide crosslinking agents are 
much better in reducing the time-dependent properties to a minimum 
but do not produce such high tensile strengths. The same is true of the 
efficiently vulcanised sulphur compounds (low sulphur, high accelerator) 
which contain mostly monosulphide crosslinks. 

If it is more important to minimise the time-dependent effects such as 
creep and stress relaxation than to have the highest possible tensile 
strength then carbon-carbon crosslinked or monosulphide crosslinked 
rubbers should be used in preference to conventional sulphur cross- 
linked rubbers.’ An additional benefit has been found recently by using 
fully soluble compounding ingredients for the monosulphide crosslinked 
rubbers so that these compounds are just as good as the carbon-carbon 
crosslinked material.° 
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2.8. Oils and Solvent Resistance 

There are no rubbers that are completely resistant to mineral oils but 
the more polar the rubber the less oil will be absorbed. Polychloroprene 
is the most rubbery polymer at room temperature which is reasonably 
oil-resistant. Greater resistance is shown by acrylonitrile/butadiene co- 
polymer and the greater the proportion of acrylonitrile the better is the 


TABLE 2 


RESISTANCE OF RUBBERS TO ORGANIC LIQUIDST 


Liquid INReASBRe. IIR 4 CR- » NBRay RKM— CSM. 
Acetone S Ny S D/U U U S 
Benzene U 1 F/D U U S — 
Carbon tetrachloride U U U U F/D S — 
Castor oil F F S S S — S 
Chloroform U U U U U _ U 
Coconut oil U U S S S — S 
Corn oil U U S F/D S a S 
Cotton-seed oil U U S S S — S 
Creosote oil U U U Ee S — = 
Diethyl] ether U U EF U S — Ss 
Ethyl alcohol SS S S S S = S 
Ethylene glycol S S S S S S S 
Hexane U U U S S S S 
Kerosene U U U F/S S S F/S 
Lubricating oils U U ww S S S S 
Methyl ethyl ketone U U F U U U -- 
Olive oil U U S F/S S — S 
Trichloroethylene U U U U U — U 
Vegetable oils U U Ss F S) — — 
Xylene U U U U U S - 


Key: S __ Satisfactory for general use. 
F/S_ Satisfactory although resistance is not a maximum. 
F Fair, but probably satisfactory. 
F/D Medium #esistance—control tests recommended. 
D _ Doubtful—control tests strongly recommended. 
D/U_ Low resistance. 
U Unsatisfactory. 


+ Extracted from Rubber in Chemical Engineering by S. Buchan (published by 
Plant Lining Group, Federation of British Rubber and Allied Manufacturers, 
London, and MRPRA, Hertford, 1965) where a more comprehensive range of 
liquids is given. 
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oil resistance. However, these materials are intermediate between true 
rubbers and flexible plastics. Their resilience is low, their elongation at 
break is relatively low, they are relatively stiff for rubbers even without 
fillers. However, if really good oil resistance is required for seals or for 
hoses these are the materials used. Other rubbers may be used if the oil 
is of vegetable origin, as shown in Table 2. 

The same principle applies to solvents: non-polar solvents are ab- 
sorbed by non-polar rubbers but not by polar rubbers whereas polar 
solvents are absorbed by polar rubbers but not by non-polar rubbers. 
Intermittent contact with solvents may lead to the loss of mobile mater- 
ials from the rubber (e.g. antioxidants, extending oils, etc.) by a leaching 
process even if the solvent does not swell the rubber a great deal. Care 
should be taken to ascertain which liquids are likely to come into con- 
tact with a rubber component in order to decide on the correct material 
to use. However, as already discussed, the time required for a significant 
“samount of liquid to be absorbed should be estimated since this may 
show that a rubber which is resistant to the liquid is unnecessary be- 
cause the component will have the required lifespan even if continuously 
immersed in the liquid. 


2.9. Heat Resistance 

The maximum temperature to which a rubber may be exposed without 
suffering a substantial loss in physical properties depends on a number 
‘of factors such as tinie of exposure, thickness of rubber, and availability 
of oxygen, so it is difficult to decide on a generally applicable value. 
Typical figures used by technologists as a guide to the worst, situation 
(i.e. readily available oxygen usually from the air and thin test pieces 
continuously exposed) are shown in Table 1. In contrast it is worth 
noting that there are applications where these temperatures are 
exceeded in actual service conditions without detriment mainly due-to 
the lack of oxygen in the region of high temperatures. Truck tyres which 
are normally natural rubber or a blend of natural, SBR and BR have 
shoulder temperatures of around 120°C while running. Curing bags for 
tyre vulcanisation are made from butyl rubber and operate at tempera- 
tures around 160°C. 

Silicone rubber has outstanding high-temperature properties and may 
even be used at temperatures up to 300°C for short periods. Inevitably 
the tensile strength of all rubbers falls as the temperature rises’ as 
shown in Fig. 2. The best rubber with a carbon backbone is a fluorocar- 
bon rubber but these are not very rubbery at room temperature. 
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Fic. 2. Tensile strength as a function of temperature for various rubbers. (Re- 
produced from ref. 7.) 


2.10. Ageing 

It is important to distinguish between effects due to the crosslinking 
ingredients and those due to changes in the rubber itself. The simplest 
crosslinking system is that containing direct carbon-carbon crosslinks 
which are usually introduced by using organic peroxides. These perox- 
ides react at a rate which is determined by the temperature so that if 
vulcanisation is carried out at a high enough temperature for a 
sufficiently long period of time all the peroxide is reacted and can take 
no further part. If some of the peroxide is left unreacted after vulcanisa- 
tion then this will produce additional crosslinking during accelerated 
ageing tests at high temperatures. 

Sulphur crosslinked rubbers show more complex behaviour. Conven- 
tional vulcanisates (high sulphur, low accelerator) usually show a maxi- 
mum in degree of crosslinking as the cure time is extended. Prolonged 
exposure to high temperatures leads to a fall in the degree of crosslink- 
ing. This behaviour can be prevented to a large extent by the use of 
efficiently vulcanised sulphur systems (low sulphur, high ‘accelerator) 
which show little change in degree of crosslinking once the maximum 
value has been reached.’ 

Of the unsaturated rubbers polychloroprene has the best resistance to 
atmospheric ageing but all the saturated rubbers such as ethylene propy- 
lene rubber have excellent ageing behaviour. Unfortunately the latter 
rubber cannot be crosslinked by sulphur since double bonds are absent, 
and peroxide curing systems present some problems. This difficulty is 
partly overcome by introducing a small number of crosslinkable units 
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into the rubber chains but even so the rate of vulcanisation is relatively 
slow. Both silicone rubbers and fluorocarbon rubbers have excellent 
ageing behaviour although the latter is not very rubbery at room 
temperature. : 


2.11. Cost 

The relative costs of various rubbers are shown in Table 1. Since costs 
are subject to considerable fluctuations the figures: should be regarded as 
approximate. Also it should be remembered that the cost of the rubber 
is only one factor in the cost of the finished product. 


2.12. Conclusion 

It might be supposed that the properties of rubbers described above will 
exclusively determine which type is chosen for a particular application. 
However, this is not always so and the rest of this chapter is concerned 
“with other factors which may enable the designer to have a much wider 
choice of rubber compound. 


3. SHAPE EFFECTS 


3.1. Oxidative Ageing 

The shape of a component may influence its effective lifetime very dra- 
matically if the component is in contact with an aggressive environment. 
Consequently tests on thin test pieces with a large surface area may give 
misleading information about the performance of a particular rubber 
compound if the actual component is much more bulky than the test 
piece. . 

A good example of this behaviour is found in conventional oven- 
ageing tests which are intended either to give information about«the 
effect of high temperatures on the physical properties of the compound 
or as an accelerated test for the behaviour over much longer time per- 
iods at a lower temperature. Even if we confine our attention to the 
former aspect it is quite clear that the results are misleading.® Thin test 
pieces oven-aged at 120°C show dramatic changes in hardness, tensile 
strength, etc., after 7 or 14 days ageing whereas sections cut from 
the shoulder region of large truck tyres, which are known to have run- 
ning temperatures of about 120°C, do not show such changes even after 
many months of use. The reason for this behaviour is that the ageing 
process which occurs in the laboratory specimens is due to oxidation 
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from atmospheric oxygen, but the effect is confined to the surface layers 
only. In thin test pieces the depth of the oxidised layer may be a 
significant fraction of the thickness but in thick components it may be 
quite insignificant. The reason for this behaviour is that the oxygen 
present in the atmosphere diffuses into the rubber through the surface 
which is in contact with the atmosphere but as it diffuses through the 
rubber the oxygen reacts and thereby becomes used up. If the reaction 
rate is high compared with the diffusion rate then all the oxidative 
effects are localised near to the surface. The ageing which occurs in the 
bulk is anaerobic and quite different in character, being strongly 
influenced by the crosslinking system but not a serious problem with 
the appropriate crosslinking system. 

The example just described demonstrates that ageing tests on thin test 
pieces do not simulate the effect on thick components even when they 
are operating at the same temperature as the test. It is not surprising 
therefore that when such tests are used to predict the behaviour at much 
lower temperatures (i.e. ambient) over a longer time scale the results are 
again misleading. 

Probably the longest recorded in-service application is that of a 
natural-rubber sewer gasket which has been in use for more than 100 
years.” The exposed surface was degraded to a depth of 2-3 mm but 
below this the rubber was still quite satisfactory. Another example of 
longevity is the Pelham Bridge bearings which are blocks of natural 
rubber that are still giving satisfactory performance after 25 years under 
loaded conditions and open to the atmosphere. 

There is no evidence therefore that atmospheric oxygen causes 
properly compounded rubber components to deteriorate significantly. If 
components are thin and exposed to high temperatures then rapid fail- 
ure may occur. Oxidation effects are catalysed by UV radiation and 
metallic ions so that it is possible for oxidation to become a serious 
problem if either of these catalysts are present. UV radiation is effec- 
tively absorbed by using small quantities (<1%) of carbon-black filler 
so that there is only a problem with non-black rubbers. A much more 
serious problem for many rubbers (those containing double bonds) is 
caused by the presence of atmospheric ozone and this will be discussed 
later. 


3.2. Oil Resistance . 
Another problem which is serious for thin components but which may 
be insignificant with thick components is oil resistance. Hydrocarbon 
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oils are absorbed to a greater or lesser extent by all rubbers but those 
which are oil-resistant absorb a relatively small amount. A non-oil- 
resistant rubber may absorb up to twice its own volume of oil at equili- 
brium but the time taken to reach equilibrium depends on the viscosity 
of the oil and on the distance of the centre of the rubber from the 
surface in contact with the oil. The precise relationship will be discussed 
later. The total volume of the swollen rubber is equal to the sum of the 
volume of rubber plus the volume of the oil absorbed. 

The physical properties of the swollen rubber such as tensile strength, 
tear strength and abrasion resistance are substantially reduced by the 
presence of the oil. The modulus and hardness are also reduced 
significantly. The oil does not dissolve the rubber, it simply mixes with 
it, but the strength properties are so reduced if the amount absorbed is 
large that the rubber may be rendered useless. 

The equilibrium amount of oil absorbed is determined by the nature 
“sof the oil and the rubber as well as the degree of crosslinking and filler 
loading. Conventional swelling tests measure how much oil is absorbed 
by thin samples in a fixed time. However, the time recommended is 
often insufficient to ensure that equilibrium has been reached. Inspec- 
tion of engine mounts and gear-box mounts on motor cars reveals that 
the rubber is often covered in oil but still performing satisfactorily. 
.These mounts are usually made from a rubber which is not oil-resistant 
so it is clear that conventional swelling tests are not relevent to this 
‘application. The rate-of penetration of the oil depends on its diffusion 
coefficient in the rubber rather than on the amount absorbed at equili- 
brium. The time taken for the oil to penetrate a given distance in natural 
rubber is easily calculated with the aid of the nomogram?° shown in 
Fig. 3. The diffusion coefficient of the oil in the rubber may not be 
known but it has been found empirically that the viscosity of the oil is 
related to the diffusion coefficient as indicated on the nomogramy A 
low-viscosity oil penetrates more rapidly than a higher-viscosity oil. The 
same is true if the rubber is oil-resistant but, since the total amount of 
oil absorbed is small, the effect of oil viscosity is not usually important 
for these rubbers. 

The following examples should make the use of the nomogram clear. A 
ruler is placed as shown by the dashed lines to show that an oil with a 
viscosity of 300 cP would penetrate a distance of 1 mm in 4 weeks but 
would take 100 years to penetrate 4 cm. Although the nomogram refers 


to natural rubber it may be used for other rubbers with a similar glass 
temperature. 
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Fic. 3. Nomogram for rate of penetration of oils and solvents in natural rubber. 
(Reproduced from ref. 10.) 


It should be emphasised that there is no rubber which is resistant to 
all liquids so it is necessary to find out which liquids may come into 
contact with the rubber. If other desired physical properties preclude the 
use of a rubber which is resistant to the liquid in question, efforts should 
be made to design the component so that the exposed area is small and 
so that the depth of rubber below the surface is as large as possible. A 
good example of limited access by a swelling liquid is given by rail pads 
which are flat pads sandwiched between the concrete sleeper and the 
shoe which holds the rail. The only exposed surfaces are the edges and 
hence the penetration of oil from these surfaces will be unlikely to affect 
the performance of the pad. In contrast, hoses have large areas of rubber 
in contact with the liquid which they are carrying and also they are thin 
so it is essential that the rubber is correctly chosen so that it is not 
swollen significantly by the liquid. 
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3.3. Heat Build-up 
Heat build-up occurs as a result of rapid cyclic deformations of rubber. 
When a rubber is deformed, energy is stored by the rubber, but when it 
is allowed to recover, work is done by the rubber. However, the work 
recovered is always less than the work required to deform the rubber 
and this difference in energy appears as heat in the rubber. The heat is 
generated throughout the bulk of the rubber but cooling can only occur 
from the surfaces so that components with a considerable depth of 
rubber from the surface to the centre may be prone to generating high 
temperatures in the thickest part if the cyclic deformation is at a 
sufficiently high frequency. The problem is made more acute since 
rubber is a poor conductor of heat even when containing carbon-black 
filler at the levels normally used in engineering components (i.e. 40-60 
parts by weight of black per hundred of rubber) or other high-quality 
products. 

The ratio of the work recovered to the work required to deform the 
rubber is called the resilience R and is normally expressed as a percen- 
tage thus: 


__ energy returned 
~~ energy supplied 


The hysteresis H is simply H = 100 — R if R is expressed as a percen- 
tage. The resilience ofa compound is normally measured using a stan- 
dard test, usually a rebound test of some sort. The resilience is a 
time-dependent ‘property (i.e. depends on the rate of deformation) so 
that results on different machines are not usually comparable directly. 
Generally speaking the higher the speed of impact the lower the resi- 
lience if measurements are made at room temperature. However, the 
resilience passes through a minimum as the temperature is lowered and 
then rises as the temperature approaches the glass transition 
temperature’! as shown in Fig. 4. The resilience at room temperature is 
therefore related to the glass transition temperature. 

Rubbers with a low glass transition temperature, T,, will have high 
resilience at room temperature whereas rubbers with a high T, will have 
a low resilience at room temperature. There is an exception, butyl 
rubber, which has a low glass transition temperature but a very wide 
minimum resilience and the effect of this is still present at room temper- 
ature so that the resilience is still relatively low. The effect of fillers is to 
reduce the resilience at room temperature whereas increasing the degree 
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Fic. 4. Resilience as a function ‘of temperature. 1, Natural rubber; 2, 
styrene/butadiene rubber; 3, chloroprene rubber; 4, butadiene rubber; 5, butyl 
rubber. (Reproduced from ref. 11.) 


of crosslinking increases resilience and since both these factors increase 
hardness and modulus there is a reasonable amount of choice in the 
various combinations that may be made. High resilience compounds 
can only be made from well-crosslinked, unfilled rubbers with a low T,. 
The resilience of rubbers can be increased by using a plasticiser but 
inevitably the strength of these compounds is reduced compared with a 
similar compound without the plasticiser. Often there is a loss in 
hardness but this can be offset by increasing the degree of crosslinking. 

Heat build-up depends on hysteresis and resilience, but not in a 
simple way, since these properties only determine the heat-generation 
behaviour. The rate of cooling depends on thermal conductivity and the 
maximum thickness of rubber so that only general guidelines can be 
given. Heat build-up can be reduced by using a more resilient com- 
pound and by altering the shape so as to reduce the thickest part of the 
rubber. However, it should be remembered that if the purpose of the 
rubber is to act as a damper and therefore to dissipate energy then that 
energy will appear as heat and the methods suggested above will not 
only reduce the heat but also reduce its effectiveness as a damper. In this 
case a redesign ofsthe shape is most important to ensure that adequate 
cooling occurs. 

Although there is no cyclic deformation of the whole component in 
applications such as rollers and tyres, they are still subject to heat 
build-up problems because each element on the circumference is 
deformed as it enters the contact area and recovers as it leaves. Each 
element on the circumference therefore passes through an asymmetric 
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deformation cycle (recovery period is long compared with the deforma- 
tion period). With small tyres the maximum thickness of rubber is little 
more than a centimetre and there is no heat build-up problem but larger 
tyres (truck tyres and aircraft tyres) have to be made from a rubber with 
a low glass transition temperature to prevent the temperature rising to 
such an extent that blow-out occurs. The rubber used is either natural 
rubber or a blend of natural rubber and polybutadiene. 


3.4. Surface Stresses 

The life of components is often determined by the growth of cracks from 
flaws (invisible to the eye) in the surface.!? Internal flaws are equally 
troublesome, if present, but usually only arise due to bad mixing or 
compounding. Surface flaws may arise from a variety of causes: acciden- 
tal scratches and cuts, a damaged mould, ozone attack, or abrasion. 
None of these flaws matter if they are in a region where the surface 
“stresses are compressive but they are a potential source of failure if the 
surface stresses are tensile since these stresses cause the cracks to open 
and consequently to grow. The rate at which cracks grow depends ona 
number of factors but the two most important ones are the type of 
rubber and the magnitude of the tensile stress around the crack. 

Care should be taken when designing a component to avoid stress 
concentrations which occur at the edges and corners particularly if the 
rubber is bonded to a rigid plate of metal although the same principle 
applies to solid rubber as well.'? Cracks grow preferentially in regions 
of high stress concentration and the avoidence of sharp corners in- 
creases the fatigue life enormously’? as shown in Fig. 5. — | 


0:-4mm layer 4  \-6mmradius 


| 


Thin layer 25mm radius 4 8mm x 1-6mm wedge 


«.. = 


33kc 230kc 


Fic. 5. Effect of reducing stress concentrations on the fatigue life of bonded 
natural-rubber components. (Reproduced from ref. 12.) 
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Ozone, which is present in the atmosphere at a concentration of only 
a few parts per hundred million of air, causes rapid cracking of un- 
protected rubbers containing carbon-carbon double bonds if the rubber 
is subjected to a sufficiently large tensile stress. The critical stress for 
cracking to occur depends on the rubber and it is quite low in un- 
protected rubbers. The inclusion of antiozonants either singly or in 
combination will raise the critical stress considerably in static applica- 
tions but not in dynamic applications although in the latter case the rate 
of cracking is reduced considerably.'? 

A novel way of protecting components against ozone attack is to 
shape the surface in such a way that there are no tensile stresses.1> This 
can be done for components designed to work in compression by 
making the exposed surfaces concave in the undeformed state. When the 
sample is compressed the rubber bulges outwards until the concavity 
becomes plane and, if compression continues, ultimately convex. While 
the surface is concave or plane it is under a surface compression and 
ozone does not cause cracking. A block which has been exposed to a 
very high concentration of ozone (50,000 x atmospheric) is shown in 
Fig. 6. In order to demonstrate the efficacy of the method, the block, 
which is made from unprotected natural rubber has two concave sur- 
faces and two flat surfaces in the undeformed state. After compression 
and exposure to ozone for 24h the concave surfaces are unmarked 
whereas the flat surfaces are badly cracked. The sample was compressed 
by 10° which caused the concave surfaces to become almost flat and 
the flat surfaces to become convex. 


3.5. Shape Factor 

The load-deformation behaviour of a rubber spring depends on the 
modulus of the rubber and on the shape of the spring. The modulus of 
the rubber is often measured in tension at 100% strain or even 300% 
strain but many technologists are more familiar with hardness. This is a 
measure of the modulus at low strains (i.e. Young’s modults) as shown 
in Fig. 7'* and it is obtained using a standard instrument which meas- 
ures the distance a hemispherical indentor is pushed into the rubber by 
a standard load. 

The engineer is more often concerned with compressive and shear 
deformations at strains generally well below 25% in compression and 
100° in shear so that to a good approximation the stress-strain beha- 
viour is linear. The designer can therefore use the familiar shear mod- 
ulus and Young’s modulus in many cases, but a complication arises in 
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After exposure to ozone 


FIG. 6. Block exposed to ozone at high concentration showing effect of surface 
shaping to reduce ozone attack. (Reproduced by courtesy of MRPRA.) 
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Fic. 7. Relation between Young’s modulus and hardness. (Reproduced from 
ref. 14.) 


the compression of flat slabs of rubber.'° The compression modulus E, 
depends on the shape of the block and is calculated from Young’s mod- 
ulus E, using 


E, = E)(1 + 2KS?) 


where K is a slowly varying constant shown in Table 3 and S is the 
shape factor defined as follows: 


» loaded cross-sectional area 


force-free area 


For thinner pads the force-free area is smaller and therefore S is larger 
so that E, is much larger than E,. The reason for this behaviour is that 
rubber has a high bulk modulus and it can for most purposes be 
regarded as incompressible. For small strains Poisson’s ratio is 1/2 but 
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TABLE 3 


HARDNESS AND ELASTIC MODULI!® 


Young’s Shear Bulk 
Hardness modulus modulus modulus 
(IRHD) Eo(MN m ”) G(MN m 7”) E,,(MN m-?) K 


30 0:92 0:30 1000 0-93 
Se) 1:18 0-37 1000 0-89 
40 1:50 0-45 1000 0-85 
45 1:80 0-54 1000 0-80 
50 2:20 0-64 1030 0-73 
55 i 3:25 0-81 1090 0-64 
60 4-45 1-06 1150 0-57 
65 5°85 1-37 1210 0-54 
70 7:35 7S! 1270 0-53 
S 9-40 2:22 1330 0-52 


this falls to a much lower value at higher strains because of the incom- 
pressibility of rubber.!’ The shear modulus is not influenced by shape in 
this way so the ratio of shear modulus to compression modulus may be 
varied considerably by the shape of the block. This effect is widely 
utilised in applications where a low shear stiffness is required coupled 
with a high compression stiffness by the use of laminated blocks consist- 
ing of alternate layers of rubber and steel. The shape factor of the 
composite block of rubber can be increased by introducing more steel 
plates which reduces the thickness of each rubber layer and fence its 
compression modulus without affecting the shear modulus. Examples of 
this type of construction are seen in bridge bearings, building mounts, 
chevron bearings, and helicopter rotor bearings. 


= 


3.6. Protective Coatings 

Proprietary paints are available to coat rubber components either to 
give them an aesthetically attractive finish or, more often, to protect the 
rubber from a hostile environment. The paints are usually rubber-based 
(e.g. polychloroprene, chlorosulphonated polyethylene, urethane) since 
they have to be capable of sustaining the same sort of deformations as 
the rubber component. Usually they are needed to give protection 
against oil, or ozone, or acids, so the appropriate rubber-based paint is 
chosen. While the paint film will reduce the rate of swelling of the 
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underlying non-oil-resistant rubber it will not affect the ultimate degree 
of swelling. The film would have to be completely impermeable to the 
oil in order to prevent the oil from reaching the rubber below. Never- 
theless the rate can be substantially reduced and indeed it is a relatively 
simple matter to measure the rate at which the oil is transmitted 
through the membrane and to calculate therefore the time taken for 
the underlying rubber to absorb any particular quantity of oil. It is 
essential that the adhesion between the paint and the rubber is not 
destroyed by the oil. A major disadvantage is that if the paint film 
becomes ruptured for any reason protection around the rupture is lost. 

Protection against ozone attack, will be mainly in reducing the rate 
unless the film is completely impermeable to ozone or unless it contains 
an antiozonant which will react with the ozone which is permeating the 
film. Again, a rupture of the film will mean a complete loss of protection 
in the damaged area. 

A coating which is continuously being formed and therefore is self- 
healing if scratched is produced by the blooming of waxes to the surface 
of rubbers. This is a widely used method of protecting against ozone 
attack in static applications. The wax film breaks up if the rubber is 
deformed very much. The wax is mixed into the rubber during proces- 
sing at a level which exceeds the solubility at ambient temperatures (the 
solubility depends on the particular rubber and wax used but it is 
usually around 0-5—1:5%). During vulcanisation, which occurs at tem- 
peratures greater than the melting point of the wax, the latter is com- 
pletely soluble but on cooling to room temperature a supersaturated 
solution of rubber and wax is formed which usually results in the wax 
being precipitated in the form of particles in the bulk of the rubber. The 
wax in these particles is gradually transferred to the surface of the 
rubber, thereby producing the protective film. 

The mechanism of blooming is a little complicated involving the gra- 
dual redissolution of the wax particles as a result of the elastic pressures 
from the rubber surrounding them and then diffusing to the surface of 
the rubber.'® Eventually all the wax will bloom to the surface but this 
normally takes several years. The rate of blooming is not linear with 
time being much more rapid in the early stages than at later times. The 
waxes are crystalline materials, hence their low solubility below their 
melting point and therefore they should confer some protection against 
oil and solvents which will only be slightly soluble in them. However, 
this possible application does not appear to be supported by experimen- 
tal observations which are recorded in the literature. 
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3.7. Surface Treatments 

The surface properties of rubbers can be changed by reaction with a 
suitable chemical reagent. Chlorine and bromine, usually dissolved in 
water, are effective in chlorinating or brominating the rubber. Either of 
these treatments makes the surface of the rubber more polar and hence 
improves the effectiveness of some adhesives. The halogenated surface 
has lower friction than the untreated surface while the bulk is unaf- 
fected, so this method can be used to reduce the friction coefficient 
where an easy sliding action is desirable (e.g. seals and windscreen-wiper 
blades). In addition, the hard shiny surface is aesthetically attractive 
and this, together with the lack of surface tack, makes it ideal for such 
items as rubber handgrips or handles. 

Another surface treatfnent is cyclisation. This occurs when rubber is 
dipped in concentrated sulphuric acid. This is a more severe treatment 
than halogenation and it produces a hard brittle surface which gives 

improved. performance with some adhesives. 


3.8. Surface Finish 

Apart from aesthetic considerations, the surface finish is important in so 
far as it should not be the source of surface flaws. All failure processes 
result from the growth of flaws or cracks in the rubber. The larger the 
flaw, the faster it grows so the rate of growth accelerates as the crack 
grows. It is important in these circumstances that the size of any flaws in 
the surface should be as small as possible. It appears that there are 
natural flaws within the rubber which are about 1/100 mm in size,!° so 
that extra care-in preparation does not improve this figure. If larger 
flaws are introduced by inadequate dispersion of fillers, large dirt par- 
ticles, or by surface flaws or scratches, these will grow much faster than 
the natural flaws and cause failure to occur more readily. 


<< 


3.9. Type of Deformation 
There are three basic types of uniaxial deformation: tension, compres- 
sion and shear. More-complicated deformations can be resolved into 
these three basic forms. From the foregoing discussions it is clear that 
tensile stresses should be avoided if at all possible since this type of 
deformation leads to the growth of cracks. Compressive stresses, in 
contrast, do not cause flaws to open and therefore no growth occurs. It 
should be remembered, however, that in general a compressive stress 
may lead to a surface tensile stress unless the surface is contoured as 
described earlier. Shear stresses have both compressive and tensile ele- 


PRINCIPLES OF PRODUCT DESIGN 273 


ments along the principal axis so that cracks will develop perpendicular 
to the major principal axis. 

Components are generally designed to work in compression and shear 
in order to minimise the possibility of cracking. Often shear deforma- 
tions are combined with compression so that the components are ‘ fail 
safe’ even if they crack or become unbonded as shown in Fig. 8. 

Some satisfactory components have been made where the deforma- 
tion is mainly tensile, notably in motor-car exhaust-pipe suspensions. 
These are essentially a circular hoop of rubber with no bonding to 
metal. By making a suitable choice of rubber compound, ozone attack is 
minimised so that an acceptable .lifetime, in excess of 5 years, is ob- 
tained. Another application is in furniture webbing or seat diaphragms 
where again a lifetime of several years is easily achieved by suitable 
compounding. However, it must be admitted that, although these de- 
signs are satisfactory, it is unusual to find rubber components deformed 
in simple tension. Finally, it is worth noting that the stress-strain 
properties of rubber are linear over a range of strain values up to 25% 
in compression; depending on shape factor, and up to 80% in shear, but 
not in tension. ~ 


(a) (b) 


Fic. 8. (a) Double shear component and (b) fail safe combined compression and 
shear. 
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An important factor which must be remembered in any design is that 
rubber is not compressible, its bulk modulus is very high compared with 
the shear modulus’’” (a factor of between 100 and 1000). It is this feature 
which leads to the shape-factor effects already discussed. The smaller the 
area of free surface compared to the volume of the rubber the stiffer it 
will be in compressive deformation. This is particularly important in 
sealing applications using seals such as O-rings. The groove must be 
large enough to accommodate the bulging of the ring as it is com- 
pressed. The manufacturers literature for these seals gives the dimen- 
sions of the groove which is required to allow for this effect. 


3.10. Fatigue Life 

The fatigue life of a rubber component is determined by the growth of 
small flaws as_a result of cyclic stresses. These flaws are initially invi- 
sible (about 1/100 mm) but as they grow they eventually become large 
“enough to be seen easily. However, the rate of growth increases with 
increasing crack length so that by the time the cracks are easily visible 
the life is almost over.1° Cracks also grow in some rubbers as a result of 
static loading. This behaviour is in addition to the effects of ozone which 
causes cracking in unsaturated rubbers (those with double bonds) as 
described earlier. 

It is convenient to divide rubbers into two categories, those which 
strain-crystallise and those which do not. Strain-crystallisation occurs 
when rubbers which” have a regular molecular structure are highly 
strained. These rubbers also crystallise even when unstrained if kept at 
low temperatures for a long enough time. The flaws in rabbess of this 
type only grow while they are being stretched. If the stretching is 
insufficient to cause rupture during the straining process then the cracks 
cease to gow once stretching ceases. 

Non-strain-crystallising rubbers behave quite differently; the craéks 
continue to grow in these rubbers even when the straining action has 
ceased but the rubber is still strained. In a cyclic deformation the strain- 
crystallising rubbers also benefit greatly if the strain cycle does not pass 
through zero strain.'* The fatigue life can be extended by a hundredfold 
simply by ensuring that the minimum strain is above 50°. No such 
benefits occur with non-strain-crystallising rubbers. With these rubbers 
increasing the minimum strain merely shortens the life since cracks grow 
all the time that the rubber is strained. The importance of this effect 
should not be underestimated since its magnitude is much greater than 
that which can be achieved from compounding changes. The latter can 
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give improvements of, at best, less than a factor of ten compared with 
the hundredfold improvement which can be achieved by raising the 
minimum strain in the case of strain-crystallising rubbers. 

The rate at which the cracks grow depends on the particular rubber 
and on the maximum stress applied. An example of the behaviour is 
shown in Fig 9 where the abscissa is not stress as might be expected but 
tearing energy.'? This parameter has been found to be more fundamen- 
tal a quantity in strength properties than the applied stress although it is 
related to the stress in addition to the test-piece dimensions and, 
depending on the type of test, on the stress-strain properties of the 
rubbers.*° The tearing energy is the work which must be done to cause 
a crack or flaw to grow and to create unit area of new surface. It is 
much greater than the surface energy of the rubber (by a thousandfold). 
This is due to the work done in deforming the rubber in the region of 
the growing crack. The strains close to the tip of the growing crack are 
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Fic. 9. Crack-growth characteristic of natural rubber. (Reproduced from 
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very large, almost up to the breaking strain, and these strains are 
reduced to a very low value after the crack are very large, almost up to 
the breaking strain, and these stains are reduced to a very low value 
after the crack has advanced. The hysteresis in the rubber plays an 
important part in dissipating energy, thereby making it more difficult for 
the crack to propagate. 

Rubbers with a lot of hysteresis or compounds with reinforcing fillers 
which increase hysteresis have superior performance in reducing the rate 
at which cracks grow in the presence of a stress. 


4. CONCLUSION 


It should be clear from the foregoing that-there are many factors to be 
taken into account when designing a product. Some of these arise from 
~the specification, others are at the discretion of the designer. In all cases 
it is important to be aware of the advantages and disadvantages asso- 
ciated with a particular rubber compound so that a correct assessment 
can be made of the viability of the compound for the particular applica- 
tion. If this is not done one aspect may be improved but the component 
may still fail prematurely because another equally important aspect has 
been overlooked. When mistakes of this sort occur rubber products 
generally are condemned whereas it is the component designer who is 
to blame. Well-designed rubber products are capable of a longevity 
which compares favourably with most engineering materials and in 
addition they are generally maintenance-free. It can not be emphasised 
too strongly that conclusions drawn from one application should not be 
used to forecast what will happen in a quite different application. An 
extreme example of this would be a stationer’s rubber band which per- 
forms quite satisfactorily the job for which it is designed (i.e. holding 
envelopes together for a short period of time) but would fail catastro- 
phically in a few weeks if left stretched outdoors. The same rubber (i.e. 
NR) compounded differently and deformed in compression is still per- 
fectly satisfactory after 21 years in service supporting the Pelham Bridge. 
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vulcanisation, 77-81 


Fluorosilicones (FVMQ), 72-4 


applications, 74 
chemistry, 72-3 
grades, 73 

properties, 73-4 


Food and Drug Administration, 246 
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Glass transition temperature, 255, 264 
Grafting effects, 243 


Halogenation, 272 
Hardness, 251, 253, 254, 256, 269, 
270 
Health aspects, 245-6 
Heat 
build-up, 264-6 
resistance, 258 
Hevea brasiliensis, 6 
Hexamethylene diamine carbamate, 
‘(pa a 
High-temperature curing, -1 43-7 
High-temperature properties, 258 
Hindering group effects, 238 
Hysteresis, 264, 276 


Injection moulding, 143 
Kelvin model, 173 


Lampblack process, 163-4, 173 
_Liquid elastomers, petroleum oils in, 
205 
Load-deformation behaviour, 267 
Low-temperature behaviour, 254, 255 


Malaysian Rubber Producers’ 
Research Association 
(MRPRA), 242, 243 
Marching modulus, 138 
2-Mercaptobenzimidazole (MBI), 241 
2-Mercaptobenzothiazole (MBT), 11 
Mono-sulphidic crosslinks, 9 
Moore-Trego efficiency parameter, 
113 


Naphthenics, 210 
fb-Naphthylamine, 246 
Natural rubber, 1-44, 240 
ageing and reversion resistance, 134 
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Natural rubber—contd. 
applications, 3, 24-9 
chemical modification, 35—7 
crosslink distributions, 126, 145 
crystallisation, 2-3 
cure testing, 6-7 
delayed-action peroxide 
vulcanisation, 19-23 
deproteinised, 7 
effect of carbon black, 26-9 
effect of curing system on overcure, 
131 
_effect of curing temperature on 
tensile strength, 135 
‘ene’ reaction, 37-40 
engineering properties, 24—9 
epoxidised, 40—2 
EV systems, 24, 130-6 
fatigue life, 18, 25-6, 137 
general-purpose, 2, 6 
highly epoxidised, 42 
loss factor, 26-9 
modern forms of, 3—7 
modification, 33-42 
molecular structure, 3 
oil-extended, 29-32 
petroleum oils in, 222-3 
physical properties, 15 
premasticated, 32 
processing and curing 
characteristics, 135 
quality of, 3 a 
retreading compounds, 31—2 
semi-EV system, 130-6 
soluble-EV system, 11-13, 24 
strength and tack of, 3 «3 
stress—relaxation rate, 26-9 
thermoplastic blends, 33-5 
types and grades, 4 
tyres, 29-32 
versatility, 3 
viscosity-stabilised grades, 4-6 
vulcanisation systems, 8-23, 130, 
136 
Newtonian flow, 186 
Nitrile rubber (NBR), 244 
petroleum oils in, 225 
vulcanisation, 140-1 
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Nitroso rubbers, 96-7 
N-Nitrosodiphenylamine, 22 
p-Nitrosodiphenylamine (NDPA), 242 
Norbornene elastomer 

applications, 99 

availability, 99 

chemistry, 98-9 

compounding, 99 

properties, 99 


OENR compounds, 29-31 
OESBR compounds, 29-31 
Oil 
penetration nomogram, 262-3 
resistance, 257-8, 261-3 
Organic acids, 209 
Organic peroxides, 19 
O-rings, 274 
Oxidation effects, 260-1 
Oxidative heat ageing, 11 
N-Oxydiethylenebenzothiazole-2- 
sulphenamide (OBS), 11 
Ozone attack, 227, 267, 271 


Paints, 270 
Paraffinics, 210 
para-substituent effects, 238 
Peel strength, 199, 200 
Perfluorinated elastomer (PFE), 86-9 
applications, 89 
availability, 86 
chemistry, 86 
properties, 86-9 
Peroxide 
cure systems, 80 
vulcanisation, delayed-action, 19-23 
Petroleum oils, 209-14 
analysis, 211 
buty! rubber, in, 223 
carbon-type analysis, 212-14 
composition effect, 219-20 
compounding effects, 215—20 
ethylene-propylene polymers, in, 
222 
liquid elastomers, in, 225 
loading effect, 217 


Petroleum oils—contd. 


molecular-type analysis, 211-12 
natural rubber, in, 222-3 
nitriles, in, 225 
polychloroprenes, in, 223 
processability, 215-17 
stability, 221-2 
types of, 209-11 
viscosity, 218 
vulcanisate properties, 217 
Phenols 
» bridged hindered, 237 
simple hindered, 236-7 
Phenyl-a-naphthylamine (PAN), 228, 
245, 246 
Phenyl-f-naphthylamine (PBN), 228, 
232,245, 246 
N,N’-m-Phenylenebismaleimide, 22 
p-Phenylenediamine(s), 228 
derivatives, 232, 233-6 
N-Phenyl-N’-substituted p- 
phenylenediamine, 242 
Phosphonitrilic fluoroelastomers, 95—6 
Pine-tar products, 208 
Plasticisers, 64, 82, 207-25, 255 
definition, 208 
types of, 208-9 
Plasticity retention index, 4 
Poisson’s ratio, 269 
Polyacrylic elastomers (ACM), 57-61 
applications, 61 
chemistry, 57-8 
commercia! sources, 58 
compounding, 60 
grades, 58 
processing, 60 
properties, 60 
vulcanisation, 58-60 _ 
Polyaromatic hydrocarbons, 159 
Polychloroprenes, petroleum oils in, 
223, 236, 240 
Polydichlorophosphazene, 95 
Polydimethylsiloxane (MQ), 66 
Polyethylene, 51 
Polyisoprene, 2-4 
Polymethylmethacrylate, 35 
Polyolefin, 34 
Polypropylene, 33, 34 
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Polystyrene, 40 
Polysulphide rubbers (T), 91—5 
applications, 95 
chemistry, 91 
compounding, 94 
hydroxyl-terminated, 91 
mercaptan-terminated, 92-3 
properties, 93-4 
Polysulphidic crosslinks, 9 
Prevulcanisation inhibitors, 121 
Primers, 203-4 
Process aid, 208 
Product design, 249-77 
general requirements, 249-5] 
selection of rubber compound, 
251-60 
shape effects, 260-76 
Protective agents, 227-47 
Protective coatings, 270-1 


Radical scavenger, 20-2 
Refractivity intercept, 213 
Reinforcement concepts, 185-6, 198 
Resilience, 264, 265 
Retarders, 120-1 
“Retreading EOERPORNIS: 31-2 
Rheometer . 
test, 6-7 = 
traces, 20 
Rubber consumption, statistics, 
228-32 


Seals, 274 

Shape factor, 267—70 

Shear 
modulus, 267, 270, 273, 274 
stresses, 272 


Silane-treated mineral fillers, 183 205 


adhesion, 196-8 

effects on rubber cure, 192-3 

performance, 194-6 

recommendations for usage, 198 
Silicone elastomers, 65—72 

applications, 72 

chemistry, 65—7 

commercial sources, 67 
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Silicone elastomers—contd. 
compounding, 68-9 
grades, 67 
heat-curable compounds, 68, 70 
heat-vulcanisable polymers, 66 
high strength, 70 
MQ designation, 66 
properties, 69-72 
room temperature vulcanising 

(RTV) compounds, 67-9, 72 

VMQ designation, 66 
vulcanisation, 67-8 

Silicone fluid, viscosity changes, 189 


SMR-CV, 6, 24 


SMR-GP, 6 
SMR-LV, 6 
Solvents 
penetration nomogram, 262-3 
resistance to, 258 
Special-purpose elastomers, 45-103 
Stabilisation, 232 
Stabilisers, 232, 246 
Standard Malaysian Rubber (SMR) 
scheme, 4 
Stearic acid, 12, 209 
Strain-crystallisation, 274—5 
Stress 
concentrations, 266 
relaxation, 12, 26-9, 256 
Stress-strain properties, 267, 273 
Styrene/butadiene rubber (SBR), 244 
crosslink distributions, 126 
EV systems, 136 
fatigue life in, 137-9 
processing and curing 
characteristics, 140 
properties of, 139 br 
semi-EV systems, 136 
silica-filled formulations, 193 
sulphur-cured, 200 
vulcanisation, 136-40 
Styrene/butadiene/styrene (SBS), 241 
Sulphenamide, 143 
Sulphur donors, 118-19 
Sulphur-soap cure systems, 60 
Sulphur/sulphenamide system, 23 
Sulphur vulcanisation. See 
Vulcanisation 


» 
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Surface 
finish, 272 
stresses, 266-7 
treatments, 272 
Swelling, 270-1 
Synthetic elastomers, 45 
Synthetic rubber, 244 
production, 232 


Tackifiers, 203-4 

Tensile strength, 251-3, 256, 258 

Tensile stresses, 267, 272, 273 

Tetrabutylthiuram disulphide 
(TBTD), 11 


Tetraethylthiuram disulphide (TETD), 


11 

Tetramethylthiuram, disulphide 
(TMTD), 11 

Tetramethylthiuram monosulphide 
(TMTM), 15%, — 

Thiazole, 125, 143 

Toxicity aspects, 245-6 

Tributyl thiourea, 239 

Trimethylolpropanetrimethacrylate, 


Tris(nonylphenyl)phosphite (TNPP), 
241 
Tyres, natural rubber, 29-32 


Urethane(s), 147 
reagents, 13-19 
Urethane/sulphur systems, 15, 18, 19 


Vibrational damping, 65 

Viscoelastic behaviour, 256 

Viscosity/gravity constant, 212 

Vulcanisate structure and properties, 
10 : 
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Vulcanisation, 8-23, 105-49, 254 
ACM, 58-60 
CM, 52 
CO, 55=6 
continuous, 143 
conventional systems, 122 
CSM, 47-50 
ECO, 55-6 
effects on vulcanisate properties, 

111 

EPDM, 141-2 
ethylene acrylic rubber, 62—4 
EV system, 8-11, 114, 125-42 
EVA, 90 
fluorocarbons, 77-81 
NBR, 140-1 
non-sulphur, 147-8 

NR, 1308136 
parameters of, 110 
peroxide, delayed-action, 19-23 
SBR, 136-40 
selection of system, 115-21 
semi-EV systems, 129-42 
silicone elastomers, 67-8 
soluble-EV systems, 11 
sulphur, 8-11, 107-11 
sulphur/sulphenamide, 109 
urethane reagents, 13-19 
see also High-temperature curing 


Waxes, 240, 271 


Young’s modulus, 9, 267 


Zinc dimethyldithiocarbamate 
(ZDMC), 15 

Zinc 2-ethyl hexanoate, 12 

Zinc soaps, 12 
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